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Abstract 
 
Alternatives to petroleum-derived fuels are receiving significant interest in order to 
reduce dependence on finite resources of fossil fuels and to lower fossil-derived CO2 
emissions. The present study addresses the production of bio-oil from biomass 
pyrolysis, one of the potential renewable substitutes to petroleum-derived fuels. The 
first objective of this work was to investigate the effect of pyrolysis operating 
parameters, i.e. temperature, heating rate and pyrolysis time, on product distributions in 
a wire-mesh reactor (WMR) which was designed to minimise secondary reactions. It 
has been found that high heating rate promotes melting of biomass and this facilitates 
volatile ejection, thereby resulting in high yield of large bio-oil molecules and high 
combustion reactivity of residual char. Maximum bio-oil yield is obtained at 500 °C for 
both rice husk and beech wood whereas a relatively low pyrolysis temperature, e.g. 350 
°C, does not allow complete pyrolysis to take place. Chars produced from long holding 
time and high temperature tests show a decrease in the TGA combustion reactivity 
which is due to thermal annealing. The comparison between bio-oils obtained from the 
WMR and Gray-King retort demonstrates the impact of reactor configuration on the 
variation of bio-oil properties. 
 
The unstable nature of bio-oils provided the second objective of this work. The ageing 
behaviour of bio-oil and the use of organic solvents to improve the bio-oil properties 
have been investigated. Polymerisation plays a key role in bio-oil ageing and is 
enhanced by high temperature. Only slight changes in functional groups have been 
observed by 13C-NMR and FT-IR. UV-F results suggest that phenolic resin formation is 
one of the polymerisation reactions occurring during bio-oil ageing. With the addition 
of methanol and acetone to bio-oil, the extent of polymerisation decreases and NMR 
results indicate the formation of hemiacetals/acetals.  
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Chapter 1 Introduction 
1  
1.1 Background 
Petroleum-derived fuels play a significant part in world energy usage, ranging from 
fuels for industrial processes and power generation to transportation fuels. Due to the 
fact that their formation requires a long geological time-scale, they are considered as 
non-renewable sources. The International Energy Agency’s World Energy Outlook 
reviews studies of global crude-oil reserves and estimates a reserves-to-production 
ratio, based on current production levels, of 40-45 years [1]. In addition to issues 
regarding availability, the use of petroleum-based fuels has a negative effect on the 
global ecological system. These issues are not only problems related to environmental 
pollution resulting from emissions during production and utilisation, but also linked to 
global warming thought to be due to CO2 emissions. Models considered by the 
Intergovernmental Panel on Climate Change (IPCC) predict that unregulated CO2 
emissions will probably cause an increase in mean global temperature of 1.8 to 4.0 °C 
in this century [2]. One option to minimise the impact on the global climate is the 
conversion of biomass into liquid biofuels, allowing continued use of existing or 
slightly modified internal combustion engines, without the release of fossil-derived 
CO2. CO2 release from combustion of biofuels is balanced by CO2 absorption during 
growth of the biomass and biofuels; therefore, biofuels have the potential to be CO2-
neutral. Additionally, exploiting biomass as an alternative energy source would reduce 
dependence on fossil fuels. 
 
The methods to convert biomass into liquid biofuels can be categorised into two broad 
areas: first generation biofuels and second generation biofuels. The first generation 
biofuels are derived from food crops whereas the second generation biofuels are based 
on non-food plants or agricultural residue. The production of first generation biofuels is 
considered as a mature and well-understood technology but an issue for debate is the 
conflict between energy crops and food crops. The second generation biofuels can 
address the problems associated with the first generation biofuels especially with the 
use of agricultural residue; however, their technologies are not yet well developed. This 
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area needs further research and development before they can be commercially 
deployed.  
 
One of the potential processing routes capable of converting agricultural residue to 
valuable liquid fuels is pyrolysis. By heating organic matter in an inert atmosphere, or 
without oxidative agents, a gas mixture, char and pyrolysis oil are obtained. Pyrolysis 
oil from biomass, so-called bio-oil, is regarded as one of potential alternatives to 
petroleum-based liquid fuels. A number of projects on biomass pyrolysis have been 
carried out to develop technologies for the production of petroleum substitutes after the 
oil crisis in 1973 [3]. Development of biomass pyrolysis technology at that time was 
then discontinued due to operational difficulties and high costs. However, in recent 
years, the technological developments in agriculture have tended to result in cost-
effective bio-oil production whereas the cost of crude oil has increased considerably 
over this time. This gives rise to the global interest in biomass as an energy source.  
 
The present study has been carried out to investigate the feasibility of exploiting 
biomass using biomass pyrolysis technology. To begin with, the effect of operating 
conditions on product distributions of biomass pyrolysis was assessed. Although much 
research activity in this area has been carried out, most results have been interfered by 
the reactor designs and by sample configurations which promote secondary pyrolysis 
reactions. To understand the fundamental behaviour of solid biomass-derived fuels, 
these factors should be excluded or minimised as much as possible. The use of a wire-
mesh reactor, designed to minimise secondary reactions, coupled with analytical 
techniques to characterise bio-oils and bio-chars, allows a comprehensive investigation 
on factors affecting the primary biomass pyrolysis.   
 
Another challenging area for research is how to improve the quality of the bio-oil. 
Some properties of bio-oil, i.e. high water content, low pH and instability over time 
(ageing), impedes its, otherwise promising, potential usage as a liquid fuel. 
Improvement or upgrading is necessary to enable the use of bio-oil as an alternative to 
liquid fuels in existing engines. Even though a great deal of research has been directed 
in bio-oil upgrading, the technology is not yet economically and technically viable at a 
large scale. Catalytic upgrading has usually resulted in very high rates of carbon 
deposition [4]. Brief studies on the possibility of improving bio-oil by solvent addition 
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recently have shown promising and cost-competitive results in improving bio-oil 
properties [5-7]. This study addresses bio-oil ageing and observes the effect of addition 
of selected organic solvents on the bio-oil ageing with the use of characterisation tools 
to elucidate the phenomena. Due to the restriction on the sample size to be used in the 
wire-mesh reactor, ranging from 5 to 15 mg [8], sufficient quantities of bio-oils to 
observe bio-oil ageing cannot be obtained. A Gray-King retort, capable of 
accommodating larger sample sizes, was therefore utilised with some modifications to 
the set-up for biomass pyrolysis to provide an adequate amount of bio-oil for the ageing 
study.   
 
1.2 Objectives 
The overall objectives of this work are to obtain a better understanding of the effect of 
operating conditions on product distributions and to investigate the feasibility of solvent 
addition to improve the bio-oil quality, with the ultimate goal of developing a potential 
alternative to petroleum-based fuels.  
 
To achieve these objectives, specific aims are outlined below: 
 
1) Employ the wire-mesh reactor to study the effect of operating parameters, e.g. 
temperature, heating rate and holding time on product distributions and bio-oil 
structures.  
2) Study the properties of chars, also as a function of the operating conditions at 
which they were produced.  
3) Investigate the effect of storage conditions on bio-oil ageing. 
4) Observe the effect of solvent addition on the bio-oil ageing to give a better insight 
on mechanisms taking place. 
 
1.3 Outline of the thesis 
Chapter 2 provides background information and a literature survey for biomass 
pyrolysis research relevant to this study.  
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Chapter 3 details experimental procedures and equipment employed in this study 
including biomass samples, reactors and analytical tools. The discussion of analytical 
tools, operational procedures and technical background also outlines constraints that 
they may have which are relevant to this study.   
 
Chapter 4 focuses on the effect of pyrolysis operating conditions on product 
distributions and characteristics of bio-oil obtained with the use of the wire-mesh 
reactor. The study of operating conditions extends to the char properties and these are 
discussed in Chapter 5.  
 
Chapter 6 investigates the ageing behaviour of the bio-oil produced from the Gray-King 
setup. The effect of solvent addition on bio-oil ageing is discussed in Chapter 7.  
 
Chapter 8 provides a comparison of bio-oil produced from the different reactors, i.e. 
between the wire-mesh reactor and the Gray-King retort.    
 
Chapter 9 gives conclusions and recommendations for future work. Concluding 
remarks from the study are summarised as well as implications for biomass pyrolysis 
and bio-oil upgrading by solvent addition are discussed.   
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Chapter 2 Literature Review 
2.  
The background of biomass pyrolysis is first discussed. The properties of bio-oils are 
outlined in detail which leads to consideration of the necessity to upgrade the bio-oil. In 
the end, concluding remarks about the literature and the scope of the study are given. 
  
2.1 Pyrolysis 
Pyrolysis is the thermal decomposition of organic or fossil matter, such as coal or 
biomass, in the absence of oxygen or oxidative agents. Many parallel sets of sequential 
reactions occur, e.g. dehydration, cracking, isomerisation, dehydrogenation, 
aromatisation, coking, condensation and re-arrangements [3]. This complex series of 
reactions produces solid chars, liquid pyrolysis oil and gaseous products which may 
interact with each other and form new intermediates and final products. Conventional 
pyrolysis and carbonisation processes utilise slow heating rates, low temperatures and 
long residence times, producing char as the major product. In contrast, if pyrolysis oil is 
the preferred product, pyrolysis at fast heating rates, high temperatures and short 
residence times is performed. This type of pyrolysis is generally called fast pyrolysis. 
Typical product yields from different mode of wood pyrolysis are shown in Table 2.1. 
  
Table 2.1 Typical product weight yields (dry wood basis) obtained by different modes 
of pyrolysis of wood (reproduced from [9]) 
 
Mode Conditions Liquid Solid Gas 
Fast 
~500 °C, short hot vapour 
residence time ~ 1 s 
75% 12% char 13% 
Intermediate 
~500 °C, hot vapour residence 
time ~10-30 s 
50%  
in 2 phases 
25% char 25% 
Carbonisation 
(slow) 
~ 400 °C, long vapour 
residence hours/days 
30% 35% char 35% 
Gasification ~750-900 °C 5% 10% char 85% 
Torrefaction 
(slow) 
~290 °C, solids residence time 
~10-60 min 
0-5% 80% solid 20% 
 
Pyrolysis of organic matters forms chars, pyrolysis oils and light gases; the latter two of 
which are generally categorised as volatiles. Primary pyrolysis products are obtained by 
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quickly removing evolving volatiles so that they do not undergo further reactions. 
However, if these evolving volatiles remain in contact with the hot reaction zone, they 
are likely to go through a series of secondary reactions. Secondary reactions includes 
deposition on particle surfaces, polymerisation to more heavy tars or secondary char, 
together with cracking to produce lighter gases. An overview of primary and secondary 
pyrolysis is presented in Figure 2.1. In addition to the extent of secondary reactions, 
product distributions depend on operating conditions; some of which also play roles in 
the occurrence of secondary reactions. This is discussed in Section 2.3.  
 
 
Figure 2.1 Schematic of primary and secondary pyrolysis reactions (adapted from [10]) 
 
Secondary pyrolysis reactions can be classified into two categories: intra- and inter- 
particle secondary reactions. The intra-particle secondary reactions occur inside the 
solid fuel particle. The extent of reactions depends on the residence time of evolving 
volatiles in the particle. This residence time is governed by particle size, heating rate 
inside the particle and external (operating) pressure.  
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Inter-particle secondary reactions take place outside of the particle. The extent of 
reactions mainly depends on the residence time of evolving volatiles in the high 
temperature reaction zone. This can be minimised by quickly removing evolving 
volatiles out the hot reaction zone and reducing the contact time between volatiles and 
hot chars. In the wire-mesh reactor which is outlined in detail in Section 3.2, the impact 
of these secondary reactions is suppressed by using an inert sweep gas flow and 
arranging sample particles in a monolayer distribution.  
 
2.2 Structure and composition of biomass 
Biomass, in the energy context, is generally referred to plant-based materials [11]. 
Figure 2.2 shows a general view of components found in biomass. The composition of 
biomass is very different from fossil fuels due to the large amount of oxygenated 
compounds. The high oxygen content of the biomass is derived from cellulose, 
hemicellulose and lignin, while the fossil fuels are mainly composed of cross-linked 
hydrocarbons formed by the conversion of the original biomass over geological 
timescales. This can be demonstrated by a Van Krevelen diagram [11] which shows the 
O/C and H/C ratios of each solid fuel as displayed in Figure 2.3. In addition, organic 
extractives; e.g. fats, waxes, alkaloids, proteins, phenolics, to name but a few, exist in 
biomass to function as intermediates for metabolic pathways [12]. Also, biomass 
contains inorganic minerals, which include elements such as potassium, sodium, 
phosphorus, etc.  
 
 
Figure 2.2 Components in biomass (reproduced from [12]) 
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Figure 2.3 Van Krevelen diagram [11] 
 
The chemical compositions of the biomass can also be defined in terms of proximate 
and ultimate analyses. Proximate analysis presents moisture content, fixed carbon, 
volatile matter and ash content. Ultimate analysis gives the composition of elemental 
carbon, hydrogen, oxygen, nitrogen and sulphur. Even though proximate and ultimate 
analyses were primarily developed for coal, they have been used extensively in biomass 
studies [13]. These analyses help to understand the thermo-chemical behaviour of the 
fuels. 
 
2.2.1 Cellulose 
Cellulose, which is the main constituent of wood, accounts for 50 % of all biomass for 
an annual production of about 100 billion tons [14]. It is a high molecular weight 
polymer of up to approximately 10,000 β-1,4-linked D-glucopyranose units. Cellulose 
chain is of high mechanical strength as it is structured in a way that intra- and inter- 
molecular hydrogen bonds are formed [15]. The repeating unit of cellulose is called a 
cellobiose unit and is shown in Figure 2.4. 
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Figure 2.4 Cellobiose unit 
 
Cellulose thermally degrades at 240-350 °C [16]. Two main different pathways, 
depending on the temperature range, take place [17]. The first pathway, which occurs in 
the low temperature range, involves reduction in molecular weight by: 1) bond scission; 
2) production of free radicals; 3) elimination of water; 4) formation of carbonyl, 
carboxyl and hydroperoxide groups; 5) evolution of carbon monoxide and carbon 
dioxide; 6) production of a charred residue. At the temperature above 300 °C, the 
second pathway dominates. This reaction involves the cleavage of the glycosidic bond 
(depolymerisation) which forms levoglucosan (1,6-anhydro-β-D-glucopyronose), its 
furanose isomer (1,6-anhydro-β-D-glucofuranose) and randomly linked 
oligosaccharides. Depolymerisation can be followed by fission reactions at higher 
temperatures (above 500 °C) to provide low molecular weight species as obtained at 
low temperatures.  
 
2.2.2 Hemicellulose 
Hemicellulose is a second major wood chemical constituent. Hemicellulose accounts 
for approximately 25 % and 30 % of softwoods and hardwoods, respectively [14]. It is 
a polymer derived from various monosaccharides such as glucose, mannose, galactose, 
xylose, arabinose, 4-O-methyl glucuronic acid and galacturonic acid residues [12]. 
Compared with cellulose, the molecular weight of hemicellulose is comparatively low, 
i.e. approximately 150 monosaccharide units [12]. 
 
Thermal decomposition of hemicellulose occurs at a temperature range of 200-260 °C 
[16]. Two consequent steps are believed to occur in hemicellulose degradation: 1) 
decomposition of the polymer into water soluble fragments; 2) conversion to very short 
units which, in turn, decompose into volatiles [16]. Pyrolysis of hemicellulose gives 
more volatiles, less tars and less chars than cellulose [16]. 
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2.2.3 Lignin 
Lignin comprises approximately the remaining 25 % of the cell wall material [14]. 
Although lignin has been widely studied to obtain understanding of its structure, 
uncertainty still remains due to its complex structure [18]. Besides, methods to separate 
lignin from other components in biomass alter its original configuration. This 
introduces a misleading view to the original structure of lignin [19]. An example of a 
possible lignin structure is shown in Figure 2.5. Lignin is derived from three different 
phenylpropane monomer units (monolignols), namely p-coumaryl, coniferyl and 
sinapyl alcohols [20] as shown in Figure 2.6. Lignin is formed from these units through 
radical dimerisation, oligomerisation, polymerisation and cross-linkage [12]. 
 
 
Figure 2.5 An example of possible lignin structure (reproduced from [21]) 
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 a)  b) 
Figure 2.6 Monolignols in lignin. a) Three monolignols in lignin: 1) para-courmaryl 
alcohol; 2) coniferyl alcohol; 3) sinapyl alcohol. b) Lignin nomenclature. 
 
 
Figure 2.7 Major linkages in lignin 
 
Unlike cellulose and hemicellulose, lignin decomposes in a wide temperature range, 
around 280-500 °C [16]. Lignin degradation begins at low temperatures where the 
weak bonds are cleaved, e.g. the cleavage of OH functional group linked to β or γ 
carbons releasing water, the cleavage of β-γ carbons forming aldehydes and the 
breakage of aryl ether linkages, i.e. α-O-4 or β-O-4, yielding monomeric phenols [22]. 
Further high temperature treatment leads to the cleavage of the strong bonds, i.e. ether 
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linkages at γ-carbons (γ-O-4) and the methoxy groups [22]. Some major types of bond 
found in lignin are demonstrated in Figure 2.7. The thermal degradation of lignin 
produces more char than cellulose [12].  
 
2.3 Factors affecting product distributions of biomass pyrolysis 
Biomass pyrolysis results in the production of char, bio-oil and gaseous products. Even 
though both fossil fuels and biomass are derived from biological materials, their 
chemical structures and behaviours on heating are dissimilar. Bio-oils from biomass 
pyrolysis contain a variety of organic compounds, the majority of which are oxygenated 
compounds, with only low quantities of hydrocarbons present [23]. The multi-
component characteristic is derived from fragmentation and de-polymerisation of the 
main structural entities existing in the biomass, i.e. cellulose, hemicellulose and lignin. 
There have been many publications investigating the compositions of biomass pyrolysis 
oil. Milne et al. [24] gathered and summarised data on components and yields reported 
in preceding literature. These data then were categorised into chemical species groups 
by Huber et al. [25] as shown in Figure 2.8. As shown, the contents in bio-oil are 
carboxylic acids, esters, alcohols, ketones, aldehydes, sugars, phenols, furans, 
guaiacols, syringols and other oxygenated compounds. It has been suggested that 
guaiacols and syringols are derived from lignin while the others originate from 
hemicellulose and cellulose [25].          
 
Product distributions from biomass pyrolysis are governed by several factors. As 
mentioned previously, some of the operating conditions contribute to the occurrence of 
secondary reactions. The effect of these variables is discussed below: 
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Figure 2.8 Chemical species groups found in bio-oils (reproduced from [25]) 
 
2.3.1 Effect of temperature 
The role of operating temperature in biomass pyrolysis is explained by thermal 
degradation of individual components in the biomass and further reactions towards bio-
oil precursors. In terms of thermal degradation, among three main components of the 
biomass, the sequence of thermal degradation are hemicellulose (200-260 °C), cellulose 
(240-350 °C) and lignin (280-500 °C) [16]; the latter of which requires a broad 
temperature range to decompose. At high temperatures, secondary cracking of volatiles 
tends to occur. As a result, pyrolysis can be divided into four overlapping stages [26]: 
 
1) Drying (~100 °C). Free and loosely bound water is released. 
2) Initial stage (100-300 °C). The release of water and low-molecular weight 
molecules take place.  
3) Intermediate stage (200-600 °C). Most of volatiles and bio-oil precursors are 
released at this stage as primary products.  
4) Final stage (~300-900 °C). If volatiles are still in contact with the reaction zone or 
hot char, evolving volatiles have a tendency to crack, yielding secondary char and 
gases. With the occurrence of cracking, the bio-oil yield is expected to be low but 
with a lower oxygenated content. This is demonstrated in Table 2.2 and Table 2.3. 
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Table 2.2 Example of bio-oil components from different operating conditions 
(reproduced from [27]) 
 
Fast  
pyrolysis 
450-500 °C 
Fast  
pyrolysis 
600-650 °C 
Steam gasification
700-800 °C 
Steam  
gasification 
900-1,000 °C 
Acids 
Aldehydes 
Ketones 
Furans 
Alcohols 
Complex oxygenates 
Phenols 
Guaiacols 
Syringols 
Complex phenolics 
Benzenes 
Phenols 
Catechols 
Naphthalenes 
Biphenyls 
Phenanthrenes 
Benzofurans 
Benzaldehydes 
Naphthalenes 
Acenaphthylenes 
Fluorenes 
Phenanthrenes 
Benzaldehydes 
Phenols 
Naphthofurans 
Benzanthracenes 
Naphthalenes 
Acenaphthylenes 
Phenanthrenes 
Fluoranthenes 
Pyrenes 
Acephenanthrylenes 
Benzanthracenes 
Benzopyrenes 
226 MW PAHs 
276 MW PAHs 
 
Table 2.3 Yield and oxygen content of bio-oil from different operating conditions 
(reproduced from [24]) 
 
Mode Temperature range Liquid product Gas product Char 
Fast 
pyrolysis 
450-500°C 
Maximum 
(High oxygen 
content) 
Minimum 
Low 
(High oxygen 
content) 
Fast 
Pyrolysis 
600-650°C ↑ ↓ ↑ Steam 
Gasification 
700-800°C 
Steam 
Gasification 
900-1,000°C 
Minimum 
(Low oxygen 
content) 
Maximum 
Low 
(Low oxygen 
content) 
 
In comparison with coals, lignocellulosic materials are thermally more labile owing to 
their high oxygen content [28]. Most volatile evolution is generally completed by 
approximately 450-500 °C [28]. The release of volatile matter from biomass can reach 
nearly 99 % of the original biomass [29].  
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2.3.2 Effect of heating rate 
The heating rate affects the yield as well as composition of solid fuels and is explained 
in terms of the extent of survival of volatile precursors [28]. With high heating rates, it 
is thought that the internal pressure builds up rapidly and causes faster ejection of bio-
oil precursors. Due to the fact that the residence time of volatiles in the fuel particles is 
less, the probability of intra-particle secondary reactions is reduced [30]. Greater 
heating rate, thus, results in an increase of volatile matter production and a 
corresponding decrease in chars.  
 
2.3.3 Effect of pressure 
The influence of pressure on product distributions of pyrolysis appears related to 
volatile suppression by external pressure [31]. Increasing pressure causes short delays 
in the release of volatiles from sample particles. Due to the delay of releasing volatiles, 
cracking and secondary char formation take places inside the particle. This is analogous 
to the effect of heating rate, where the internal pressure plays a role. The reduction of 
tar loss through intra-particle secondary reactions with the vacuum operation compared 
to the atmospheric pressure operation has also been reported [32].  
 
2.3.4 Effect of particle size 
The effect of particle size on product distribution of biomass pyrolysis is attributed to 
the mechanism of heat transfer on particle size. Small particle sizes facilitate heat 
transfer inside the particle; thus resulting in fast heating rate. This fast heating rate, as 
discussed in Section 2.3.2, allows the escape of volatiles from inside the particle; 
thereby minimising intra-particle secondary reactions. The escape of volatiles is 
hindered in large particles; hence, the primary products undergo secondary reactions. 
Product distributions are consequently affected by particle size by a similar mechanism 
to the effect of heating rate, as discussed in Section 2.3.2.  
 
2.3.5 Effect of inorganic content 
Sodium, potassium, calcium, magnesium, iron, phosphorus, aluminium and silicon are 
major inorganic elements present in biomass, while cobalt, chromium, copper, 
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manganese, nickel, sulphur and zinc are present in trace amounts [33]. It has been 
reported that the yield of bio-oil increased after demineralisation [33]. Ash in the 
biomass seems to promote secondary cracking of vapours; thus reducing bio-oil yield 
[9]. The most active metal element is potassium, followed by sodium [9]. 
 
2.3.6 Effect of reactor configuration 
The pyrolysis of solid fuels has received considerable attention, as seen from a large 
number of publications. A number of reactor configurations have been studied or used, 
at both laboratory and industrial scales, and will be briefly discussed in Section 2.6. 
Nevertheless, there can be disagreement between results of different research groups, 
when apparently similar reaction conditions are used. The variation of the results can in 
many cases be attributed to different types of reactors.  
 
Table 2.4 presents experimental parameters of three reactors used in this research 
group. Having compared results from the ‘hot-rod’ and the wire-mesh reactor operating 
at the equivalent conditions with Linby (UK) coal, tar and volatile yields recovered 
from the ‘hot-rod’ reactor were lower than those obtained in the wire-mesh reactor. 
This difference is explained by volatile loss through contact between evolving volatiles 
and the fixed bed of pyrolysing materials in the hot-rod reactor as well as an increase in 
pressure drop across the sample bed. A comparison between the fluidised-bed and the 
wire- mesh reactor identified that the fluidised-bed reactor can partially overcome this 
issue as there is less contact between char particles and volatiles compared to that in a 
fixed bed of particles. The fluidising gas not only acts as a fluidising agent but also 
minimises the contact time between volatiles and char outside the particles. 
Nevertheless, tar yield from the fluidised-bed reactor was less than that from the wire-
mesh reactor in the high temperature range. This is considered to be as a result of tar 
destruction from exposure to longer residence time and in the relative high temperature 
free board of fluidised bed reactor and contact with char bed [28].   
 
With this comparison, it can be seen that the wire-mesh reactor is capable of 
minimising secondary reactions, e.g. inter-particle secondary reactions. In addition to 
its reactor configuration, the use of small particle size promotes the release of the 
volatiles from the particle quickly; thus minimising the extent of intra-particle 
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secondary reactions as discussed in Section 2.3.4. The inter-particle secondary reactions 
are hindered by arranging sample particles in a monolayer, flowing a sweep gas to 
avoid contact between volatiles and quenching the released volatiles rapidly. This 
consequently enables the wire-mesh reactor a very efficient tool in investigating the 
primary pyrolysis behaviour of solid fuels. 
 
Table 2.4 Summary of experimental parameters for the three reactors used in this group 
(adapted from [8]) 
 
 Fluidised-bed Wire-mesh Hot-rod  (fixed-bed) 
Sample size 1-15 g 5-15 mg 50-1,000 mg 
Temperature range To 900 °C To 1,200 °C To 900 °C 
Pressure range 
Atmospheric to 30 
bar 
Vacuum to 160 bar
Atmospheric to 150 
bar 
Heating rate 
Flash heating. Rate 
function of 
temperature; can 
also operate as slow 
heating reactor 
Very slow to 5,000 
°C/s 
Very slow to 10 
°C/s 
Sweep gas flow rate 
3-5 × minimum 
fluidisation velocity
Very slow to 0.3 
m/s 
Very slow at 
pressure 
Very slow to 10 
m/s 
Secondary reactions 
Potentially intense 
in the bed and 
freeboard; better 
quantified than 
‘hot-rod’ 
Minimal but non-
zero 
May be minimised 
at very high flow 
rate 
 
2.4 Properties of bio-oil 
Bio-oils are usually dark brown in colour. The characteristics of bio-oils are determined 
by their compositions, which include large quantities of oxygenated compounds as well 
as high moisture content.  The key characteristics of a bio-oil in comparison with 
conventional fuel oil are given in Table 2.5. 
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Table 2.5 Property comparison between wood pyrolysis bio-oil and heavy fuel oil 
(reproduced from [34]) 
 
Property Bio-oil Heavy fuel oil 
Moisture content, % wt 15-30 0.1 
pH 2.5 - 
Specific gravity 1.20 0.94 
Elemental composition, % wt 
C 54-58 85 
H 5.5-7.0 11 
O 35-40 1.0 
N 0-0.2 0.3 
Ash 0-0.2 0.1 
HHV, MJ/kg 16-19 40 
Viscosity (at 50 °C), cP 40-100 180 
Solid, % wt 0.2-1 1 
Distillation residue, % wt up to 50 1 
Note: References do not provide basis of analyses. 
 
2.4.1 Heating value 
The heating value of bio-oils is comparable to that of oxygenated fuels such as 
methanol and ethanol, but much lower than that of petroleum fuels as shown in Figure 
2.9. The heating value of bio-oil is less than 50 % of that of conventional fuel oils [34-
36]. This is attributed to high water and oxygen contents. 
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Figure 2.9 Comparison of heating value of biomasses and their pyrolysis products with 
those of fossil fuel (Reproduced from [37]) 
 
2.4.2 Corrosiveness 
Due to the presence of a considerable quantity of organic acids, mostly acetic acid and 
formic acid, the pH of many bio-oils is between 2 and 3; hence they are highly 
corrosive [34]. The corrosivity intensifies with increasing storage temperature and 
water content [34]. This leads to potential problems with storage, handling and piping.  
 
2.4.3 Homogeneity 
A bio-oil is a mixture of three broad classes of components: water-soluble organic 
compounds, water-insoluble organic compounds and water. Bio-oil, in general, is in a 
single phase. However, it can be separated into two phases if the moisture content 
exceeds the solubility limit, generally around 30 % wt [38]. 
 
Conventional fuels, e.g. petrol diesel, fuel oil, etc., mainly consist of hydrocarbon 
compounds whereas, as mentioned earlier, bio-oil contains a number of highly 
oxygenated compounds. Their polarities, thus, are relatively different; resulting in 
immiscibility between them.  
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2.4.4 Viscosity 
The viscosity of bio-oil can vary over a wide range, e.g. 40-100 cP, as shown in Table 
2.5, depending on the feedstock and process conditions. Compared with that of heavy 
fuel, the viscosity of bio-oil is lower; thereby, its handling appears easier. However, the 
viscosity of bio-oil can increase with time due to polymerisation reactions or ageing 
during storage. This is discussed in Section 2.4.6. 
 
2.4.5 Water content 
In addition to the natural water content in biomass, water is formed during pyrolysis. 
However, during storage, it has been claimed that either water was also formed [39] or 
no tendency of water development has been found [6]. Water in the bio-oil varies over 
the range of 15-30 % wt, depending on the feedstock and process conditions. A 
considerable amount of water causes phase separation into an aqueous phase and a tar 
phase (or heavy oil phase) [5]. Water content in the bio-oil also influences other 
properties: increasing water content results in reducing viscosity, increasing 
corrosiveness and decreasing heating value.  
 
2.4.6 Stability and ageing 
Due to the high oxygen content in the form of a number of oxygenated compounds in 
bio-oil, components in bio-oil are reactive. The components in the bio-oil continue to 
react among themselves to, for example, form larger molecules, i.e. polymerisation; 
thus, bio-oil properties change, e.g. viscosity increases with time. This process is called 
ageing.  
 
Ageing is considered to be the main problem in handling and storing bio-oils. The oil 
characteristics deteriorate over time as many reactions occur during storage and 
shipment. Moreover, these reactions are catalysed by acid condition. Possible reactions 
taking place during storage will be detailed in Section 2.5. One of the main changes in 
bio-oil ageing is the increase in the average molecular weight; thus resulting in an 
increase in viscosity. Increasing storage temperatures also enhances the rate of ageing 
due to the increase of reaction rate among components in the bio-oil.  
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In an industrial situation, bio-oil is likely to be kept in storage tanks for up to a year, 
and sometimes longer. To perform tests for stability and ageing test, it is inconvenient 
to perform series of experiments over such timescales; therefore, schemes have been 
devised to simulate ageing over a shorter time period. It has been found that the 
viscosity of pine bio-oil after exposure to 80 °C for 24 hours was equivalent to that 
after storing at room temperature for a year [38]. The other work reported that milder 
test conditions – six hours at 80 °C and one week at 40 °C can approximately correlate 
to three months of storage at room temperature [39].  
 
It is well-known that carbonyl group is responsible for the instability of bio-oil [40]. It 
has been reported that the major changes during ageing are a reduction in carbonyl 
compounds including aldehydes and ketones and an increase in the heavy water-
insoluble fraction which is attribute to an increase of larger molecules [39]. It has also 
been shown that carbonyl content in the bio-oil correlates with the change in viscosity 
[40]. 
 
2.5 Possible reactions occurring in bio-oil ageing 
Due to a number of components in the bio-oil and their reactive nature, they tend to 
react among themselves during storage. This section reviews general chemical reactions 
which are likely to occur during storage. Many reactions require a catalyst in an 
industrial production scale. However, due to the long reaction time during storage 
coupled with the acidic nature of bio-oil, reactions can undergo without additional 
catalysts.  The possible reactions occurring in bio-oil ageing are discussed as follows: 
 
2.5.1 Esterification 
When carboxylic acids react with alcohols in the presence of acidic catalyst, esters and 
water are formed. This reaction, as shown in Figure 2.10, is called esterification. In 
general, sulphuric acid or hydrogen chloride is used as a catalyst for the reaction. In the 
absence of a strong acid, the reaction also takes place but at a very slow rate [41].  
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Figure 2.10 Schematic of esterification. R is either hydrogen or an alkyl group whereas 
R’ is an alkyl group. 
 
2.5.2 Transesterification 
Transesterification is a reversible reaction where the organic group of esters and that of 
alcohols are exchanged as shown in Figure 2.11. This reaction can be either acid- or 
base- catalysed. It is also used to reduce the boiling point of esters, i.e. exchanging a 
long-chain alcohol group to a short one such as methanol [42]. 
 
 
Figure 2.11 Schematic of transesterification. R is either hydrogen or an alkyl group 
whereas R’ and R’’ are alkyl groups. 
 
2.5.3 Hydration  
The carbonyl functional group of aldehydes and ketones can be hydrated by water in 
the presence of acid or base catalyst to form geminal diols, also called carbonyl 
hydrates [43]. The reaction is reversible and the equilibrium for the addition of water to 
aldehydes is more favourable than that of ketones [41, 43]. 
 
 
Figure 2.12 Schematic of hydration. R and R’ are either hydrogen or alkyl groups. 
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2.5.4 Hemiacetal/acetal formation 
Similar to hydration, alcohol can undergo addition to aldehydes and ketones to form 
hemiacetals as shown in Figure 2.13. The reaction can be either acid- or base- 
catalysed. In comparison with their parent aldehydes/ketones and alcohols, most 
hemiacetals are not stable. 
 
 
Figure 2.13 Schematic of hemiacetal formation. R and R’ are either hydrogen or alkyl 
groups. 
 
In a large excess of alcohol, the reaction with aldehydes and ketones proceeds beyond 
the hemiacetal stage [43]. The reaction is catalysed by only acid and forms acetals as 
shown in Figure 2.14. 
 
 
Figure 2.14 Schematic of acetal formation. R and R’ are hydrogen or alkyl groups. 
 
2.5.5 Polymerisation of aldehydes 
Liquid formaldehyde can undergo polymerisation very promptly at low temperatures, 
even at temperatures only just above its freezing point (-118 °C) [44]. In addition, with 
the presence of water, it polymerises to form paraformaldehyde or polyoxymethylene 
[45] as shown in Figure 2.15. This product polymer is widely used to fabricate parts in 
many applications, such as parts for gasoline pumps, valves, pistons, to name but a few 
[46]. Other aldehydes can be also converted into high polymers; nevertheless, no single 
set of conditions can be applied to all aldehydes [44]. The polymerisation of aldehydes 
is extensively discussed in Bevington’s work [44]. 
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Figure 2.15 Schematic of paraformaldehyde formation from formaldehyde 
 
2.5.6 Phenolic resin formation 
Polycondensation products of phenols and aldehydes are called phenolic resins. The 
reaction can be catalysed by either acid or base catalyst; however, the type of catalyst 
selectively favours the alkyl position, i.e. ortho- and para- positions [47]. An example 
of phenolic resin formation between phenol and formaldehyde are shown in Figure 
2.16. The reaction is initiated by the formation of a hydroxymethyl phenol from the 
reaction between phenol and formaldehyde (referred to (1) in Figure 2.16). Afterwards, 
the hydroxymethyl phenol can react with either another free phenol or another 
hydroxymethyl phenol (referred to (2) and (3) in Figure 2.16). Further reaction can 
generate higher phenol oligomers and polymers. Other phenol derivatives and other 
higher aldehydes can undergo the reaction as well [47]. 
 
 
Figure 2.16 Schematic of phenolic resin formation 
 
2.6 Current research into bio-oil production processes 
For bio-oil production, fast pyrolysis is the most preferable pyrolysis mode as high 
yield of liquid product can be obtained. Attention has currently been focussing on 
developing different reactor configurations including improving bio-oil quality. In 
general, the essential features of a fast pyrolysis process for producing bio-oils are: high 
heating rates, moderate temperatures (approximately 500 °C), short hot vapour 
HO
+ C
HH
O
HO
OH
HO
OH
HO
+
HO OH
+ H2O
HO
OH
HO
OH
+
HO
+
OH
H2O
OH
(1)
(2)
(3)
47 
 
residence times, rapid removal of char to minimise cracking and rapid quenching of 
pyrolysis vapours [9]. Developments in reactor design for biomass pyrolysis generally 
conform to those fundamentals.  
 
An up-to-date review of pyrolysis processes has been performed by Bridgwater [9] and 
are summarised in Table 2.6. Among all, the bubbling fluid bed is the most popular due 
to its ease to operate and scale-up.  
 
Table 2.6 Summary of up-to-date fast pyrolysis process (based on [9])  
 
Pyrolysis process 
Number of institutes 
Research purpose   
(max size) 
Industrial purpose  
(max size) 
Bubbling fluid bed 37 (650 kg/h) 5 (8,000 kg/h) 
Transported bed & CFB 5 (20 kg/h) 2 (4,000 kg/h) 
Rotating cone 1 (10 kg/h) 1 (2,000 kg/h) 
Integral catalytic pyrolysis 5 (3 kg/h) 1 
Vortex 1 (30 kg/h) - 
Centrifuge reactor 1 - 
Ablative 4 (20 kg/h) 1 (250 kg/h) 
Auger or screw 5 (500 kg/h) 3 (2,083 kg/h) 
Radiative-convective 
entrained flow 
3 - 
Microwave 11 (10 kg/h) 2 
Moving bed and fixed bed 3 (~0.5 kg/h) 1 (600 kg/h) 
Ceramic ball downflow 1 (110 kg/h) - 
Vacuum - 1 (3,500 kg/h) 
Unspecified 3 - 
 
2.7 Current research into bio-oil upgrading processes 
Used as a liquid fuel, bio-oil would be as easily transported and stored as petroleum-
based transport fuels, if it were not for its corrosiveness and potential phase splitting as 
described above. Research in using bio-oil in many types of heat and power generation 
systems has been done [34, 48-51]. A summary of this research is presented below. 
 
Furnaces and boilers in commercial and industrial applications can generally operate 
with a variety of fuels, ranging from high-grade fuels, e.g. natural gas and petroleum 
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distillates, to low-grade fuels, e.g. sawdust and coal/water slurries [34]. Heavy fuel oils 
are commonly used in this application. Some tests of bio-oil combustion in furnaces 
and boilers have been done in Finland [48, 49]. The tests found that some parts of 
furnaces and boilers should be modified to improve combustion. Bio-oil with a high 
viscosity, as well as high water and solid contents, showed the worst performance.  
 
Gas turbines, in general, can operate on petroleum distillates as light fuel oils or gas 
fuels. The high viscosity of bio-oil showed a negative effect in the injection system 
[50]. The corrosive characteristics of the fuel are also important for its usefulness as a 
fuel [34]. Deposits and fouling, in addition, were found in the combustion chamber and 
on the blades due to the inorganic content in bio-oil [51].  
 
Diesel engine technologies can be categorised by their rotational speeds into three 
groups: high speed engines, medium speed engines and slow speed engines. In general, 
slow speed engines are physically larger than high speed engines and can burn lower 
grade (slower burning) fuel. Diesel engines in industrial applications, e.g. compressors 
and pumps, and ships are medium- and slow- speed engines, respectively. The diesel in 
transportation vehicles are high speed engines; thus requiring high grade fuels. 
Medium- and slow- speed engines are fuel flexible, and so can operate with low grade 
fuels. Some issues which have to be addressed when using bio-oils as fuels for 
medium- and slow- speed engines are their corrosiveness, coking (thermally unstable 
compounds) and difficult ignition due to low heating value and high water content). In 
the case of high-speed diesel engines, a study of using bio-oil in high-speed diesel 
engines compared to Diesel No.2 was carried out and indicated that its thermal 
efficiency was comparable to that of Diesel No.2 but showed excessive ignition delays 
and needed preheating of combustion air to ignite reliably [52]. 
 
To summarise, some properties of bio-oils hinder their use as substitutes to 
conventional petroleum-derived fuels; therefore, bio-oil upgrading is necessary. Many 
attempts have been made to overcome the limitation of pyrolysis oil usage as liquid 
fuels or transportation fuels. This section outlines some bio-oil upgrading processes 
which are still being developed.  
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2.7.1 Hydrotreatment  
Hydrotreating of bio-oil is originally based on the well-established technology to 
remove heteroatoms, e.g. hydrodenitrogenation (HDN) and hydrodesulphurisation 
(HDS), in refinery practice. The most common catalysts for hydrotreatment are 
sulphided cobalt and molybdenum (CoMo) and nickel and molybdenum (NiMo) [25]. 
As for the application for bio-oil upgrading, hydrotreating aims to remove oxygen, e.g. 
hydrodeoxygenation (HDO), through a set of reactions: hydrogenation, de-oxygenation 
and cracking [53] which forms naphtha-like products and a by-product H2O. 
Fundamentally, oxygen in the bio-oil is rejected by catalytic reaction with hydrogen 
[9]. The overall reaction can be conceptualised as follows [9]: 
 
CH1.33O0.43 + 0.77 H2 → CH2 + 0.43 H2O 
 
Despite the similarity of HDO compared to HDS and HDN, some noted differences are 
[54]:  
1) A greater deal amount of water as a by-product. This deteriorates catalyst 
performance; 
2) Higher temperature and higher hydrogen pressure are required to avoid excessive 
charring. The operating temperatures are 300-600 °C [25]; 
3) Higher amount of heteroatom to be removed (cf. oxygen content in bio-oil and 
sulphur and nitrogen contents in refinery feed) 
 
To reduce coke from polymerisation, prior to a conventional hydrotreating at 350-400 
°C, an initial stabilisation at low temperatures (250-275 °C) is performed [53, 55]. The 
disadvantage of this method is the requirement of high hydrogen pressure, catalyst non-
selectivity and catalyst deactivation [56]. Catalyst deactivation is caused by water, 
coking, nitrogen compounds and metal deposition [54]. Noble metal catalysts has been 
tested as well [54, 57].  
 
2.7.2 Catalytic cracking (Zeolite) 
Oxygen in bio-oil can be removed using zeolite based on a conventional ZSM-5 
catalyst. The operating conditions for zeolite are temperatures of 350-500 °C and 
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atmospheric pressure [25]. Reactions occurring during this process are dehydration, 
cracking, polymerisation, deoxygenation and aromatisation [25]. Fundamentally, 
oxygen in the bio-oil is rejected as carbon dioxide [9]. The overall reaction can be 
conceptualised as follows [9]: 
 
CH1.33O0.43 + 0.26 O2 → 0.65 CH1.2 + 0.34 CO2 + 0.27 H2O 
 
The main feature of this process is high yield of aromatic components. The advantage 
of using zeolite over hydrotreating is no hydrogen is required and operating 
temperatures are similar to those that favour optimum yields of bio-oil [25, 56].   
 
2.7.3 Blending with diesel 
Some studies have investigated the possibility of mixing bio-oil with petroleum-based 
diesel for use in a conventional diesel engine. As mentioned earlier, due to the different 
properties between bio-oil and conventional diesel fuel, they are immiscible unless one 
or several additives are present to establish an emulsion. The additives (emulsifiers or 
surfactants) reduce the surface energy between the interface of the dispersed droplet 
phase and continuous phase. The use of commercially available surfactants has been 
attempted to prepare bio-oil and diesel mixtures and it was reported that the diesel-bio-
oil emulsion is promising but with slight modification of the engines or as a short term 
approach for diesel engines [58, 59]. A new surfactant specifically for bio-oil and diesel 
mixtures, CETC B2, has also been developed [60]; however, the corrosion test showed 
an approximately four-fold increase in corrosion compared to No.2 diesel fuel [61]. The 
blending between pyroligneous tar, a non-aqueous fraction of bio-oil, and diesel 
without the use of emulsifier has also been performed and shows relatively little 
difference in performance compared to conventional diesel [62]. Observation of 
chemical composition, however, was not undertaken. In addition to technical 
considerations, the drawback of this approach is the cost of surfactants and high energy 
required for emulsification [9].   
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2.7.4 Addition of organic solvent 
Polar organic solvents have been studied as stabilisers for bio-oils. The solvent 
additives which have been investigated so far are methanol [5-7, 63], acetone [5], 
ethanol [5, 63], isopropanol [63], ethyl acetate [5], methyl isobutyl ketone and 
methanol [5], and acetone and methanol [5].  
 
Diebold et al. [5] investigated the properties of bio-oil after adding 6 different 
additives: ethyl acetate, methyl isobutyl ketone and methanol, acetone, methanol, 
acetone and methanol, and ethanol. All additives showed positive effect on ageing; 
however, methanol was the most effective among all. It, therefore, appears that 
methanol is the most suitable additive to stabilise bio-oil. Even among the alcohols, 
methanol showed the best performance in reduction of ageing rate over ethanol and 
isopropanol [63].  
 
Boucher et al. [6, 7] observed short-term properties and long-term properties (stability 
or ageing) after blending bio-oil from vacuum pyrolysis of softwood bark with 
methanol for gas turbines. Properties relevant to gas turbine applications as well as 
stability and aging studies after methanol addition were investigated. It has been 
reported that methylation occurs in the bio-oil/methanol sample during storage, i.e. 
methylstearate was observed.  
 
With methanol addition, the presence of acetals, hemiacetals, esters and possibly ethers 
has been claimed as a result of chemical reactions including esterification of carboxylic 
acid groups, acetal formation of aldehyde groups and possibly ketalisation of ketone 
groups [64]. Transacetalisation, transesterification and etherification are also expected 
to occur.  
 
2.8 Summary of literature review and scope of the present study 
A number of studies on pyrolysis conditions have been performed in a wide range of 
reactor configurations. Nevertheless, due to the characteristics of reactors in individual 
research groups, secondary reactions are introduced into the study of pyrolysis 
behaviour with the feature of individual reactors developed by many research groups in 
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this area. To obtain the fundamental information on primary pyrolysis behaviour, the 
extent of secondary reactions should be excluded as much as possible. In this work, the 
use of the wire-mesh reactor and analytical techniques will elucidate the pyrolysis 
pathway and the nature of primary pyrolysis products. 
 
Owing to their inferior characteristics, it is necessary to upgrade bio-oil prior to their 
use in conventional engines. Upgrading by chemical reactions over catalysts, as 
outlined in Section 2.7.1 and 2.7.2, is still being explored to make it more technically 
and economically viable. Upgrading bio-oil by addition of organic solvents is 
investigated in this study. Although a few studies in investigation of organic solvent 
addition have been done [5-7, 63], attention has mainly paid to the aspect of physical 
properties or engine performance run by bio-oil mixtures. This present work focuses the 
effect of organic solvents on the chemical characteristics of the bio-oil. Bio-oils for 
these studies were produced in the Gray-King pyrolysis setup in order to obtain 
sufficient quantities for further investigation on changes and ageing behaviour. Several 
analytical methods are employed to give a better understanding on the role of solvents 
in chemical mechanisms.  
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Chapter 3 Experimental 
3.  
This chapter gives the details of the experimental procedures and equipment employed. 
It covers biomass samples, reactors and analytical tools used in the present study. 
Technical background of analytical techniques relevant to this study is also reviewed.  
 
3.1 Biomass samples 
3.1.1 Sample preparation 
Rice husk and beech wood were used as feedstocks for this study. Rice husk was 
supplied in its original form, i.e. husk grain. Beech wood was supplied in a size-
reduced form, approximately 3×3×1 mm3. The samples for the wire-mesh reactor 
experiments were ground and sieved to the range of 106-150 µm, whereas the biomass 
samples were used as in their as-received forms for the Gray-King retort experiments. 
The biomass samples were dried in a vacuum oven at the temperature of 50 °C for 16 
hours prior to storage and use.  
 
3.1.2 Proximate and ultimate analyses 
Proximate and ultimate analyses of biomass samples were carried out by TES Bretby, 
UK and results are reported on the as-received moisture basis in Table 3.1. Dry basis 
and dry ash free values were calculated based on the as-received moisture basis. Note 
that oxygen was determined by difference. 
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Table 3.1 Proximate and ultimate analyses of biomass samples 
 
Analysis Property 
Beech wood Rice Husk 
As 
received DB DAF 
As 
received DB DAF 
Pr
ox
im
at
e 
an
al
ys
is
 
Total Moisture, % 11.6 - - 10.1 - - 
Volatile Matter, % 75 84.8 85.3 58 64.5 79.3 
Fixed Carbon, % 12.9 14.6 14.7 15.1 16.8 20.7 
Ash, % 0.5 0.6 - 16.8 18.7 - 
U
lti
m
at
e 
an
al
ys
is
 Carbon, % 43.4 49.1 49.4 35.14 39.1 48.1 
Hydrogen, % 4.8 3.4 4.0 4.38 3.6 4.5 
Nitrogen, % 0.26 0.3 0.3 0.6 0.7 0.8 
Sulphur, % <0.04 - - 0.04 0.04 0.05 
Chlorine, % 0.01 0.01 0.01 0.27 0.3 0.4 
Oxygen, % 51.03 46.1 46.3 42.77 37.6 46.2 
Note: DB is abbreviated for dry base and DAF is for dry ash free. 
 
3.2 Wire-mesh reactor 
Two wire-mesh reactors (WMRs), the atmospheric pressure and high pressure versions, 
at Imperial College have served as efficient tools to study thermal breakdown reactions 
of organic matter. The atmospheric pressure wire-mesh reactor was employed in this 
work. The effect of operating conditions on primary product distributions can be 
studied in this reactor as its design suppresses secondary reactions. The use of small 
particle size range, 106-150 µm, reduces the occurrence of intra-particle secondary 
reactions. The inter-particle secondary reactions are minimized by arranging sample 
particles in a monolayer coupled with an inert sweep gas to remove evolving volatiles 
from the reaction zone. Although the sample size is small, 5 to 15 mg [8], bio-oils from 
experiments are sufficient for further analyses using characterisation tools such as UV-
fluorescence spectrometry and size exclusion chromatography, among others. The 
effect of operating conditions on product distributions is provided in Chapter 4 and 
Chapter 5.  
 
3.2.1 Experimental procedure 
The operational procedure of the atmospheric wire-mesh reactor is as follows: 
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1) Recording weights before each experiment 
To obtain the char and bio-oil yields from experiments using the atmospheric wire-
mesh reactor, the weights of the wire-mesh sample holder and bio-oil trap are measured 
directly before and after the experiments.  
 
An electronic five-figure balance, Sartorius Model ME235S, is used to obtain the 
weights of the wire-mesh sample holder and bio-oil trap. The balance is kept in a glove 
box, containing a tray of silica gel (regenerated on a daily basis) to control the moisture 
content at a very low value. This glove box is also used to equilibrate the sample holder 
and the trap with the weighing atmosphere. 
 
Wire-mesh sample holders, annealed before used by heating in helium, are kept in the 
glove box in order to keep them dry and maintain the condition of the mesh in the 
weighing environment. The wire around the border of the wire-mesh sample holder 
tends to become loose and may drop out during the experiment. Therefore, before 
weighing the sample holder, this loose wire is removed to avoid this possible source of 
error.  
 
Bio-oil traps are kept in a vacuum oven, which is maintained at 50 °C, prior to use. 
Before a bio-oil trap for an experiment is weighed, it is equilibrated with the weighing 
environment in the glove box for 40 minutes. This 40-minute period is enough for the 
trap to reach stable conditions according to Li [65]. 
 
To begin an experiment, an empty wire-mesh sample holder and an empty bio-oil trap 
are both weighed used the electronic five-figure balance.  
 
2) Sample loading onto the mesh 
After weighing the empty wire-mesh sample holder, the sample of biomass, which is in 
the particle size range of 106 to 150 µm, is loaded onto the centre of the unfolded wire-
mesh sample holder. The amount of the sample is generally limited to between 5 and 7 
mg, but can be up to 15 mg [8]. This range is defined as a compromise between the 
likely yield error from a small sample size and that from over-contacting evolving 
volatiles and char, which can lead to the occurrence of inter-particle secondary 
reactions. A sample zone is marked on the mesh in a circular shape, using an empty 
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blunt biro pen to avoid the sample particles moving out of the reaction zone. 
Afterwards, the loaded sample holder is placed and held on the top of the reactor base 
using clamping bars (referred to as (3) in Figure 3.1). Possible fine particles beyond the 
defined sample size range are removed using a vacuum suction device, coupled with 
tapping on the reactor base. Then, the mesh loaded with sample is removed from the 
reactor and weighed, before final assembly of the reactor for a test.  
 
3) Set-up of the wire-mesh sample holder with sample on the reactor 
After being weighed, the sample holder with sample (referred to as (6) in Figure 3.1) is 
stretched on the reactor base again. The vacuum suction device together with tapping 
on the reactor base is again applied to arrange the sample as a monolayer of particles, 
i.e. to minimise secondary reactions. As per the operating conditions studied in this 
present work, K-type thermocouples (Ni90/Cr10, Ni95/(Al+Mn+Si)5) are used: two 
pairs are threaded through the apertures of the mesh sample, knotted to make a contact 
between positive and negative wire and tied to hooks which are connected to the 
computer by K-type cables. A sintered disc (referred to as (11) in Figure 3.1) is 
clamped underneath the reactor base to reduce the turbulence of the sweep gas. A glass 
bell (referred to as (13) in Figure 3.1) followed by the weighed empty bio-oil trap 
(referred to as (15) in Figure 3.1) is then set up. Afterwards, helium is let into the glass 
bell, via (17) in Figure 3.1, the glass bell is purged three times to evacuate oxygen, i.e. 
preparing the system with an inert atmosphere for pyrolysis. Heating is then started 
with the temperature-time profile controlled using the computer program. During the 
experiment, liquid nitrogen is supplied into the bath surrounding the chimney of the 
bio-oil trap (referred to as (15) in Figure 3.1) in order to facilitate bio-oil capture by the 
mesh inside the chimney. After an experiment, the bio-oil trap is placed in the 35 °C 
circulating oven for 40 minutes to evaporate the moisture which condenses from the air 
on to the outside of the trap. 
 
4) Recording weights after each experiment 
The mesh with char after each experiment is placed in the glove box and weighed after 
40 minutes. The bio-oil trap, after water has been evaporated in the vacuum oven for 
exactly 40 minutes, is placed in the glove box and is weighed after a further 40 minutes 
as described earlier. 
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Figure 3.1 Schematic diagram of the atmospheric pressure wire-mesh reactor 
(Reproduced from [28]) 
 
Legend: [1] Copper current carrier; [2] Live electrode; [3] Brass clamping bar; [4] 
Sample holder support Plate; [5] Mica strip; [6] Wire-mesh sample holder; [7] 
Electrode; [8] Stainless steel tubes; [9] Mica layer; [10] Brass pillars; [11] Sintered 
Pyrex glass disk; [12] Base plate; [13] Pyrex bell; [14] O-ring seal; [15] Off-take 
column (bio-oil trap); [16] O-ring; [17] Carrier gas entry port; [18] Connection for 
vacuum pump 
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5) Collecting pyrolysis products 
To collect bio-oil captured by the mesh in the chimney of the bio-oil trap, a 14 ml 
mixture of chloroform and methanol in the ratio of 4:1 (v/v) was used. Afterwards, the 
solvent mixture was evaporated with only the aid of nitrogen flow, i.e. no heat was 
applied. The dried bio-oil is then stored in the freezer and kept for further analyses. As 
for the char sample, it was collected from the sample holder and kept in the vial purged 
with nitrogen for subsequent analyses. 
 
3.2.2 Calculation of product yields 
Product yields of interest from the atmospheric wire-mesh reactor are char and bio-oil 
yields. Both yields are directly measured, based on the weight difference between 
before and after pyrolysis. The yield of solid product, namely char and ash, is obtained 
from the weight difference between the empty wire-mesh sample holder (before the 
experiment) and the wire-mesh sample holder with solid product (after the experiment). 
Bio-oil yield is determined by the weight difference between the empty bio-oil trap 
(before the experiment) and the bio-oil trap with bio-oil (after the experiment). The 
solid product and bio-oil yields are determined according to the following equations: 
 
Solid product (% wt, db) = 
Weight of mesh and solid - Weight of mesh
Weight of mesh and sample - Weight of mesh
	×	100 Equation 3.1
 
Bio-oil (% wt, db) = 
Weight of trap and bio-oil - Weight of trap
Weight of mesh and sample - Weight of mesh
× 100 Equation 3.2
 
Equation 3.1 and Equation 3.2 are used to calculate product yields on a dry basis. In 
general, these yields are reported on a dry-ash-free basis (daf). The dry basis can be 
converted into the dry-ash-free basis according to the following equation: 
 
Char (% wt, daf) = 
Solid product (% wt, db) - ash (% wt, db)
100 - ash (% wt, db)
× 100 Equation 3.3
 
Bio-oil (% wt, daf) = 
Bio-oil (% wt, db) 
100 - ash (% wt, db)
× 100 Equation 3.4
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3.3 Gray-King retort 
The Gray-King setup (GK) was used to produce larger quantities of bio-oil for 
investigating bio-oil ageing and the effect of solvent addition on bio-oil stability. The 
results of this study are provided in Chapter 6 and Chapter 7. 
 
3.3.1 Experimental procedure 
The Gray-King retort is used in a standard method to study coal carbonisation 
according to BS 1016-107.2:1991 [66]. In the coal carbonisation standard method, a 
sample of coal is heated in the retort tube using a horizontal electrical furnace under an 
inert atmosphere, with a heating rate of 5 °C/min to 600 °C. In the present study, the 
Gray-King retort was set up in a similar way as used in the standard test of coal 
carbonisation, but with a slight modification to reduce the loss of bio-oil by secondary 
cracking into secondary char. The modification, shown in Figure 3.2, consists of a 0.14 
L/min helium gas flow to sweep volatiles out of the reaction zone. In addition, two K-
type thermocouples are inserted into the retort to monitor the temperature in the 
reaction zone. The biomass samples, 5 to 10 g, were loaded into the retort and then 
pyrolysed in an electrical furnace preheated to 500 °C. This procedure allows the 
sequential operation for pyrolysing samples in several retorts to obtain adequate 
amounts of bio-oil for further study. The heating rate towards the peak temperature of 
500 °C was governed by the temperature difference between the furnace and the 
biomass sample in the retort as shown in Figure 3.3. The sample in the retort was held 
in the furnace for 15 minutes to ensure that pyrolysis was complete at the defined peak 
temperature (500 °C). A U-tube trap immersed in liquid nitrogen was used to collect 
the bio-oil. After the experiment, bio-oil was allowed to reach laboratory ambient 
temperature and then poured directly from the U-tube for further study and 
investigation.  
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Figure 3.2 Schematic diagram of modified Gray-King retort for biomass pyrolysis. 
 
 
Figure 3.3 Temperature profile of biomass sample in the retort during an experiment: 
(•) temperature, (×) heating rate (calculated from the temperature profile). Peak 
temperature: 500 °C. Pyrolysis time: 15 mins. Sweep gas flow: He 0.14 L/min. 
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3.3.2 Calculation of product yields 
Yields of solid product, i.e. char and ash, as well as bio-oil are directly measured based 
on the weight difference between before and after pyrolysis. Solid product yield is 
obtained from the weight difference between the empty retort (before the experiment) 
and the retort with solid product (after the experiment). Bio-oil yield is determined by 
the weight difference between the empty U-tube (before the experiment) and the U-tube 
with bio-oil (after the experiment).  
 
Solid product (% wt, db) = 
Weight of retort and solid - Weight of retort
Weight of retort and sample - Weight of retort
	×	100 Equation 3.5
 
Bio-oil (% wt, db) = 
Weight of U-tube and bio-oil - Weight of U-tube
Weight of retort and sample - Weight of retort
 × 100 Equation 3.6
 
Equation 3.5 and Equation 3.6 are used to calculate product yields on a dry basis. In 
general, these yields are reported on a dry-ash-free basis (daf) which can also be 
calculated by Equation 3.3 and 3.4.  
 
3.4 Analytical techniques 
3.4.1 Size exclusion chromatography 
Size exclusion chromatography (SEC) is a high performance liquid chromatographic 
(HPLC) method to separate molecules according to their sizes. The sample is dissolved 
in a solvent, which is also used as an eluent, and is injected into the packed column. 
The elution time of molecules depends on the time taken for molecules to pass through 
the porosity of the packed column: the smaller the molecular size, the greater the ability 
to penetrate the smallest pores of the packing and thus the longer the time to traverse 
the packing material inside the column. However, if the molecules are too large to 
penetrate into the porosity of the packing material, they are ‘excluded’ from the 
porosity of the packing material and eluted through the voids between particles, 
emerging at the earliest time of elution. In general, the SEC chromatograms of high 
molecular size materials, therefore, show bimodal distributions. The early-eluting (first) 
peak corresponds to the materials unable to penetrate into the porosity of the column 
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packing. This peak is generally called the ‘excluded peak’. The earliest time of elution 
for the largest particles able to pass through the void defines the void volume, 
corresponding to the volume of eluent surrounding the particles of the packing. The 
later-eluting (second) peak represents the materials able to penetrate into the porosity of 
the column packing. These materials are retained in the packing so they are classified 
by their molecular sizes within the packing. This peak, thus, is called the retained peak. 
The latest time of elution corresponding to the elution time of the smallest molecules, 
such as benzene or acetone, defines the permeation limit. If the separation is actually 
based on size, no sample should appear after this limit. Figure 3.4 illustrates the 
principle of SEC. 
 
 
Figure 3.4 Schematic of SEC principle (Reproduced from [67]) 
   
The elution time data of samples are converted into molecular weight distributions 
(MWs) through a calibration curve obtained by plotting the logarithms of known 
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molecular masses of standards (log MWs) against their elution times. The calibration 
curve is linear, but valid within only the retained region. Nevertheless, a limitation 
arises as some compounds demonstrate a discrepancy between their molecular masses 
and molecular sizes [68]. Compounds which have disproportionately large sizes for 
their MWs, e.g. fullerenes, elute at much shorter times than predicted by the usual 
calibrations. In addition, some spherical colloidal silica particles also elute in the 
excluded region, suggesting that a reason for molecules eluting in the excluded region 
may be that they have a three-dimensional rigid structure as opposed to the largely 
planar structures of standard aromatic molecules eluting in the retained region. This has 
to be taken into account when interpreting SEC data.  
 
Procedure: A 300 mm long, 7.5 mm i.d. polystyrene/polydivinylbenzene-packed 
Mixed-D column with 5 μm particles, supplied by Polymer Laboratories, UK, has been 
used. 1-methyl-2-pyrrolidinone (NMP), supplied by Rathburn Chemicals, UK, was 
used as the mobile phase. The column was operated at 80 °C at a flow rate of 0.5 
ml/min using a Knauer M100 isocratic HPLC pump. Detection was carried out using a 
Knauer diode array smartline 2600 detector with UV absorbance at 270, 300, 350 and 
370 nm. Chromatograms from UV absorbance at 270 nm were chosen in this work as it 
gave the highest signal intensity compared to other wavelengths. To be able to compare 
the chromatograms from various conditions, area normalisation was utilised.  
 
The column calibration was performed using polystyrene (PS) standards and polycyclic 
aromatic hydrocarbon (PAH) standards. The calibration curves for the SEC 
chromatogram are as follows: 
 
PS standards:  Log (MW) = 9.6827-0.3456t  11 < t < 20.5 mins 
PAH standards:  Log (MW) = 6.9022-0.2095t  20.5 < t < 24 mins 
 
However, there is another consideration to keep in mind when estimating the masses of 
bio-oil molecules according to the above correlations. A previous study found that the 
largest deviation from the PS-line curve occurred for oxygenated compounds, which 
tend to elute earlier compared to the corresponding masses of PS standards [68]. Hence, 
estimated masses of bio-oils, which contain oxygenated compounds, in this study are 
probably overestimated up to a factor of ~2-2.5 [68]. Nevertheless, the calculated 
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masses of the bio-oil molecules are provided based on the PS standards and PAH 
standards to give an approximate value for comparison.     
 
In addition, it has been found when analysing the same sample over time that the 
chromatogram of the excluded region changes slightly from day to day. This is likely 
due to the fact that the solvent flow and pressure are stopped overnight and the packing 
of the particles of the column may not be exactly the same on restarting. Thus, some 
small differences between runs on different days of the bio-oils may be observed in the 
excluded region. The retained peaks would not change because the porosity of the 
column packing does not alter. The discussion regarding the SEC results, therefore, is 
mainly based on the retained region.   
 
3.4.2 UV-fluorescence spectroscopy 
UV-fluorescence spectroscopy (UV-F) has been widely used to observe the structure of 
coal- and petroleum- derived materials [28, 69-72], especially synchronous UV-
fluorescence spectra, which are generated by changing the excitation and emission 
wavelengths simultaneously with a fixed difference in wavelength or a fixed difference 
in energy. In coal-derived and petroleum-derived materials, the spectral region of the 
synchronous fluorescence can give information on the aromatic ring structure. 
 
Shifts of synchronous UV-F spectra to longer wavelengths in coal- and petroleum- 
derived materials, in general, are caused by [71, 72]: 1) presence of linearly condensed 
aromatic rings, e.g. anthracene and tetracene in comparison to naphthalene; 2) presence 
of linear annellation of aromatic rings, e.g. benzo[a]anthracene and tetracene in 
comparison to benzophenanthrene; 3) presence of alkyl substituents to aromatic rings, 
e.g. 1-methylnaphthalene in comparison to naphthalene; 4) presence of alkoxy 
substituents to aromatic rings; 5) presence of heterocycles containing N, S or O, e.g. 
dibenzothiophene in comparison to fluorene; 6) a general increase in size of the 
conjugated aromatic system, e.g. benzo[e]pyrene and benzo[ghi]perylene in comparison 
to pyrene; 7) presence of structures with fused five-membered rings (with no ring 
carbons available for substitution) found in components of pitches and extracts of coal, 
e.g. fluoranthene. Definite aromatic structures in complex mixtures, however, cannot be 
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identified by synchronous UV-fluorescence spectra as shifts in the position and shape 
of spectra receive contributions from all components in the complex mixture. 
 
The relationship between fluorescence intensity and concentration is linear at low 
concentrations. At higher concentrations the intensity reaches a maximum value and 
even decreases with further increase in concentration. Among several concentration-
quenching effects, self-absorption plays an important role in the fluorescence intensity 
quenching. Self-absorption occurs when the low-frequency tail of the absorption 
spectrum overlaps the high-frequency end of its fluorescence spectrum [73]. In this 
case, photons emitted as fluorescence can be re-absorbed by molecules in solution and 
can then be re-emitted as fluorescence at a longer wavelength. Thus, care should be 
taken when preparing samples for UV-F analysis.  
 
Procedure: A Perkin Elmer LS55 luminescence spectrometer was used to obtain 
emission, excitation and synchronous spectra (only synchronous spectra are shown in 
this thesis). NMP was used as a solvent. The spectrometer was set with a slit width of 5 
nm, to scan at 500 nm/min; synchronous spectra were acquired at a constant 
wavelength difference of 20 nm. A quartz cell with 1 cm path length was used. To 
avoid self-adsorption, solutions containing samples were diluted with NMP until the 
fluorescence signal intensity began to reduce; synchronous spectra were obtained using 
this solution. Spectra in this work were normalised by setting the highest peak, unless 
otherwise stated, to the same ordinate. After the conditions were set for the 
synchronous scan, the same solution could be used to generate excitation and emission 
spectra, where necessary. 
 
Note that all spectra obtained from bio-oil in this study present three dominant peaks: 
260-295 nm (peak A), 295-325 nm (peak B) and 340-390 nm (peak C). Peak A is 
derived from components in bio-oils and also the NMP solvent. This was validated by 
analysing the bio-oil samples in methanol solvent which has no fluorescence and peak 
A was still observed. The discussion for UV-F spectra in this study is, thus, based on 
the other two characteristic peaks, namely peak B and peak C.  
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3.4.3 Fourier transform infrared spectroscopy 
Fourier transform infrared spectroscopy (FT-IR) gives information about functional 
groups in the samples, as each functional group absorbs and converts infrared radiation 
into energy of molecular vibration at different wavelengths. Table 3.2 shows 
preliminary band assignments for the infrared spectrum.  
 
Table 3.2 Region of the infrared spectrum for preliminary analysis* 
 
Region (cm-1) Group Possible compounds present 
3,700-3,100 -OH 
Alcohols, aldehydes and 
carboxylic acids 
 ≡C-H Alkynes 
3,100-3,000 =CH Aromatic compounds 
 -CH2 or CH=CH- 
Alkenes or unsaturated 
rings 
3,000-2,800 -CH, -CH2-, -CH3 Aliphatic groups 
2,800-2,600 -CHO Aldehydes 
1,870-1,650 C=O 
Aldehydes, carboxylic 
acids, esters and ketones 
1,650-1,550 C=C 
Unsaturated aliphatics, 
aromatics and unsaturated 
heterocycles 
1,550-1,300 CH3 and CH2 Alkanes, alkenes, etc. 
1,300-1,000 C-O-C and C-O-H Ethers, alcohols and sugars 
1,000-650 =C-H 
Alkenes and aromatic 
compounds 
800-400 Aromatic rings Aromatic compounds 
*Adapted from Lambert et al. [74] 
 
As bio-oil has high oxygen content, the characteristic IR spectra from compounds 
containing oxygen is highlighted. Three band regions should be observed for oxygen-
containing compounds: 1) between 3,500-2,700 cm–1 from O-H stretching; 2) between 
1,850-1,650 cm-1 from C=O stretching; 3) between 1,300-1,000 cm-1 from C-O-H or C-
O-C stretching [74].  
 
67 
 
Procedure: A Spectrum 100 FTIR spectrometer (PerkinElmer) was used to obtain IR 
spectra. ‘Spectrum’ (version 6.3.1.0132), which is a PerkinElmer application, was used 
to process the spectra. 
 
Two FTIR methods were used in this study: Transmission and Attenuated Total 
Reflectance (ATR). ATR was employed, unless otherwise stated, while the 
transmission method was only employed to tackle some issue in work described in 
Chapter 6. 
 
ATR The principle of ATR is measuring the changes that occur in a totally internally 
reflected infrared beam when the beam comes into contact with a sample. The IR beam 
is injected into a crystal of relatively higher refractive index to create an evanescent 
wave which projects orthogonally into the sample held in contact with the sample. This 
evanescence wave penetrates only a few microns (0.5-5 µ) into the sample [75, 76]. 
This is in contrast to the transmission method where the sample must be diluted before 
analysis to prevent totally absorbing bands.  
 
A bio-oil sample was applied as a drop on a zinc selenide crystal. Spectra were 
accumulated with a spectral resolution of 2 cm-1 and 16 scans in the wavenumber range 
of 4,000 to 600 cm-1.  
 
Transmission Method IR beam passes through the sample where the pathlength is 
defined by the thickness of the sample. Two transmission methods were attempted: 
1) Liquid cell (Transmission 1). Two CaF2 windows were chosen owing to its 
insolubility in water. A sampling pathlength was defined by a spacer placed in 
between the windows. The smallest commercially available pathlength at 0.015 
mm was used with the aim of preventing totally absorbing phenomenon. Spectra 
were accumulated with a spectral resolution of 2 cm-1 and 16 scans in the 
wavenumber range of 4,000 to 1,100 cm-1. 
2) Pelletised KBr (Transmission 2). The procedure was carried out according to a 
procedure described elsewhere [77]. In brief, the bio-oil solution in a chloroform-
methanol mixture (4:1 v/v), was first loaded on a pre-weighed KBr pellet and the 
loaded KBr pellet was then dried in a 35 °C vacuum oven for 15 hours. 
Afterwards, it was weighed to obtain the amount of bio-oil loaded, ground, re-
68 
 
pelletised and dried for another 15 hours to obtain a homogeneous KBr pellet 
containing the bio-oil sample for FT-IR analysis. Spectra were accumulated with a 
spectral resolution of 2 cm-1 and 16 scans in the wavenumber range of 4,000 to 600 
cm-1. 
 
3.4.4 13C Nuclear magnetic resonance 
13C-NMR spectra were acquired on a Bruker AvanceIII 600 spectrometer equipped 
with a 5mm TCI cryoprobe and controlled using Topspin 2 software (Bruker Biospin 
Ltd). The lock solvent was dimethyl sulphoxide-d6 (DMSO-d6). As quantitative results 
were needed, Iron(III)acetylacetonate (Fe(acac)3) was used as a relaxation agent and 
sodium 4,4-dimethyl-4-silapentane-1-sulfonate (DSS) was used as a chemical shift 
reference. A suitable amount of relaxation agent was chosen to reduce the relaxation 
time but not to affect the broadening of the spectra. A blank sample, consisting of 
solvent, DDS, Fe(acac)3 but without bio-oil, was also performed to obtain the spectrum 
of DSS to be used in data evaluation, outlined later in this section. Instrument 
parameters and the chosen sample concentration are tabulated in Table 3.3 and Table 
3.4.  
 
Table 3.3 Instrument parameters for 13C-NMR 
 
Parameter Value 
Bruker pulse sequence zgig30 (Inverse gated decoupling) 
Spectrometer frequency (BF1), MHz 150.8826930 
Receiver gain (RG) 128 
Interscan delay time (D1), seconds 2.5 
Time domain points (TD) 16,384 
Pulse FLIP ANGLE, degrees 30 
Working temp, C 25 
Number of scans 15,000 
Dummy scans 4 
Line broadening, Hz 3 
Spectra width (SW), ppm 282.4 (centred at a frequency of 100 ppm) 
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Table 3.4 Sample preparation for 13C-NMR 
 
 Concentrations (% wt) 
Bio-oil sample Bio-oil ≈ 50 % 
Solvent DMSO ≈ 50 % 
Relaxation agent Fe(acac)3 ≈ 0.3 % 
Reference material DSS ≈ 0.3 % 
 
NMR data processing 
 
All NMR spectra were processed using ‘MestReNova’ (version 5.3.0-4487) developed 
by Mestrelab Research S.L. The lowest signal frequency of DSS was used to correct the 
chemical shift of the spectra. Due to its complex nature, the spectra of bio-oil gave 
many crowded and overlapping peaks. This introduces some difficulties in the 
correction of a distorted baseline, either by manual approach or by algorithms already 
incorporated into the processing software. In this study, spectrum baseline was 
corrected by an algorithm developed by Xi and Rocke [78]. The algorithm was 
developed in order to overcome this issue which has also been found in metabolomics 
spectra. This baseline correction method is derived on a parametric smoothing model in 
which a statistical approach was employed. MATLAB (version 7.11.0.584 (R2010b)) 
was used to implement the algorithms and the MATLAB code was obtained from the 
website of one of the authors [79]. Comparison of a spectrum before and after baseline 
correction is given in Figure 3.5.  
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3.4.5 Thermogravimetric analysis  
A Perkin Elmer ‘Pyris 1’ thermogravimetric analyser was used to study the effect of the 
pyrolysis operating conditions on the reactivity of the char produced from the wire-
mesh reactor. A non-isothermal method was used for this study. Approximately 1 mg of 
each char sample was used in each analysis (the amount was governed by the amount of 
residue left in the WMR tests). The non-isothermal procedure uses the following 
temperature programme: 
 
1) Start with nitrogen purging at the rate of 40 mL/min, hold at 50 °C for 5 minutes to 
allow the balance to stabilise  
2) Heat up to 400 °C at 15 °C/min 
3) Hold at 400 °C for 15 minutes to allow the balance to stabilise 
4) Switch to air flow at the rate of 40 mL/min, heat up to 850 °C at 15 °C/min 
5) Hold at 850 °C for 15 minutes 
 
Weight loss of the sample was recorded as a function of time. The reactivity of the char 
was determined by two indices, namely maximum reactivity (Rmax) and the time for 50 
% burnout (t1/2). The maximum reactivity is defined as:  
 
Rmax = - ൬
1
W0
൰ ൬dWdt ൰ฬmax
 
where W0 is initial weight  
 
3.4.6 Scanning electron microscope 
A Hitachi TM-1000 Tabletop Microscope with 15kV accelerating voltage was used to 
investigate the effect of the pyrolysis operating conditions on the morphology of the 
bio-chars produced from the wire-mesh reactor. The bio-chars were coated with gold 
prior to observation to enhance the resolution.  
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Chapter 4 Effect of Operating Parameters on Product Yields 
from Biomass Pyrolysis and Investigation of Bio-oil 
Characteristics 
4  
The operating conditions play a crucial role in biomass pyrolysis as they govern the 
yields and product distributions. Developing an understanding of the effect of pyrolysis 
conditions on product yields and bio-oil structures is a necessary step in investigating 
the potential use of biomass for biomass pyrolysis. A number of studies on pyrolysis 
conditions with a wide range of reactor configurations have been produced as outlined 
in Section 2.6. Reactor design and sample configuration affect pyrolysis behaviour 
owing to the secondary pyrolysis reactions as also already mentioned in Section 2.3.6. 
These factors should be excluded from the method of measurement, as much as 
possible, to obtain the fundamental information on primary pyrolysis behaviour. This 
chapter aims to make a contribution to this subject, using a test method that minimises 
the effect of reactor design and sample configuration. A wire-mesh reactor (WMR) 
designed to eliminate secondary reactions of pyrolysis volatiles was employed. Precise 
control of the temperature-time profile can be obtained with this reactor; thus allowing 
an in-depth and careful study of pyrolysis conditions on product quantities and 
distributions.  
 
This section outlines the effect of pyrolysis conditions: peak temperature, heating rate 
and holding time, on the pyrolysis yields and bio-oil structures. Two types of biomass 
were used, rice husk and beech wood, with most work being done with the former 
material. To gain an understanding on bio-oil structures, size exclusion chromatography 
(SEC) and UV-fluorescence spectroscopy (UV-F) were employed. Investigation of the 
associated chars is provided in Chapter 5.  
 
4.1 Effect of peak temperature 
4.1.1 Product yields 
Rice husk: Figure 4.1 shows the effect of pyrolysis temperature on the char and tar 
yields of rice husk pyrolysis, at the heating rate of 1,000 °C/s and 30 s holding at peak 
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temperature. At 350 °C, bio-oil and char yields were observed to be scattered. It is 
likely to result from the fact that pyrolysis reactions were incomplete due to the low 
final temperature coupled with relatively fast heating rates. While cellulose and 
hemicellulose thermally decompose over a narrow and low temperature range, lignin 
pyrolysis progresses under a relatively broad and high temperature range. A similar 
trend has been found during the pyrolysis of silver birch with a similar heating rate and 
holding time in the same reactor [29]. Bio-oil yield reaches its maximum value at 500 
°C. As the pyrolysis temperature increases from 500 °C to 700 °C, a decrease in bio-oil 
yield can be observed, which becomes more evident at 850 °C.  
 
 
Figure 4.1 Effect of peak temperature on the product yields of rice husk pyrolysis in the 
WMR: (•) bio-oil yield at 30 s holding time, (×) char yield at 30 s holding time, (+) bio-
oil yield at 5 s holding time. Heating rate: 1,000 °C/s. Sweep gas flow: He 0.1 m/s. 
Particle size range: 106-150 µm. 
 
It was not expected that the rice husk bio-oil yield would show a decline from 45.7% to 
32.9% with increasing temperature from 700 to 850 °C. The features of the wire-mesh 
reactor are intended to avoid secondary pyrolysis reactions; therefore, the further 
cracking of primary volatiles is minimised. To substantiate this feature of the wire-
mesh reactor, previous work with Linby coal (UK) in three types of reactor showed that 
0
5
10
15
20
25
30
35
40
45
50
300 400 500 600 700 800 900
Yi
el
d 
( %
da
f)
Temperature (°C)
74 
 
the tar yield obtained from the wire-mesh reactor did not show any decrease when 
exposed to a temperature of up to 800 °C for up to 30 s holding time, unlike tar yields 
from other reactor configurations (e.g. fixed-bed and fluidised-bed reactors) [82]. The 
present results with biomass pyrolysis may be interpreted as indicating that with long 
holding times at high temperatures, thermal radiation from the mesh may be causing a 
limited extent of cracking of the material caught at the lower level in the bio-oil trap. 
 
To test the hypothesis, two pyrolysis runs on rice husk samples have been carried out at 
the same peak temperature and heating rate, e.g. 850 °C and 1,000 °C/s, but with the 
shorter holding time, 5 s. It was found that the shorter holding time results in 9% 
(actual) increase in bio-oil yield, shown as (+) in Figure 4.1. This is consistent with the 
hypothesis that thermal radiation causes secondary cracking of the trapped bio-oils to 
some extent. The cracking probably results in lighter condensable volatiles and gas. 
These condensable volatiles are possibly caught higher up the trap while the gas is lost; 
causing the decrease in the amount of tar registered.  
 
Char yield showed an approximately 10% (actual) reduction with the temperature 
increase from 350 °C to 500 °C and then levelled off at higher temperatures. This 
decrease of char yield also reflects the incomplete pyrolysis at 350 °C as mentioned 
earlier. The trend above 500 °C suggests that most components in the biomass have 
been pyrolysed.  
 
Beech wood: Figure 4.2 shows the effect of the peak temperature on the product yields 
of beech wood pyrolysis. The bio-oil yield of beech wood shows a similar trend as seen 
with rice husk pyrolysis, but with a lower reduction of bio-oil yield at high 
temperatures. This is probably explained by the dissimilarity of biomass make-ups 
between them, namely cellulose, lignin, hemicellulose and ash content, the latter of 
which probably plays a key role. Proximate analyses of two biomasses in Table 3.1 
show that rice husk contains higher ash content compared to beech wood. It has been 
reported that the de-ashed biomass samples gave higher yields of bio-oil than untreated 
samples [33]. In general, as the yields are expressed based on dry ash free basis, it can 
be observed that beech wood gives more bio-oil yield and less char than rice husk.   
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Figure 4.2 Effect of peak temperature on the product yields of beech wood pyrolysis in 
the WMR: (•) bio-oil yield, (×) char yield. Holding time: 30 s. Heating rate: 1,000 °C/s. 
Sweep gas flow: He 0.1 m/s. Particle size range: 106-150 µm. 
 
4.1.2 Size exclusion chromatography 
Figure 4.3 and Figure 4.4 show the SEC chromatograms of rice husk and beech wood 
bio-oil samples produced with different final temperatures. In both samples the 
excluded peaks can be observed at approximately 9-13 mins while the retained peak 
appears at approximately 17-25 mins. Due to the fact that the excluded peak represents 
the materials eluted at void volume of the column, the relationship between elution time 
and molecular weight in this range is not certain. Thus, the discussion below is mainly 
based on the retained peaks whereas the estimated masses of the retained and excluded 
peak maxima are also provided to give an approximate value for comparison. 
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Figure 4.3 SEC chromatograms of rice husk bio-oil produced at different temperatures 
in the WMR. Holding time: 30 s. Heating rate: 1,000 °C/s. Sweep gas flow: He 0.1 m/s. 
Particle size range: 106-150 µm. All chromatograms are area-normalised. 
 
Rice husk: It can be observed from Figure 4.3 that the rice husk bio-oil produced at 
500 °C shows a lower proportion of small molecules compared to the bio-oil produced 
at 350 °C, 700 °C and 850 °C as it has the smallest peak area in the retained part of the 
chromatogram. At 350 °C where the pyrolysis is incomplete, the pyrolysis temperature 
is not high enough to allow the release of large molecules, i.e. the breakage of the 
glycosidic bond (depolymerisation) [17] in cellulose and the cleavage of strong bonds 
in lignin [22]. The bio-oil produced at 700 °C shows that the molecules were cracked 
into small molecules probably due to the reactive nature of bio-oil and the possible 
effect of thermal radiation from the mesh. This phenomenon increases with increasing 
temperature as can be observed from the SEC chromatogram of 850 °C bio-oil. 
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Figure 4.4 SEC chromatograms of beech wood bio-oils produced at different 
temperatures in the WMR. Holding time: 30 s. Heating rate: 1,000°C/s. Sweep gas 
flow: He 0.1 m/s. Particle size range: 106-150 µm. All chromatograms are area-
normalised. 
 
Beech wood: SEC chromatograms of the beech wood bio-oil produced over the 
temperature range of 350-850 °C are shown in Figure 4.4. Similar to the rice husk bio-
oil, the beech wood bio-oil shows the smallest area of the retained peak at 500 °C, 
which implies a smaller proportion of the small molecules, compared with the bio-oils 
produced at other temperatures. The incomplete pyrolysis at 350 °C can also be 
observed to release materials with the largest part eluting within the retained region the 
chromatogram. Secondary cracking in the bio-oils produced at 700 °C and 850 °C is 
also noted, but not as intense as observed with rice husk bio-oils. In both cases, the shift 
in proportion of the oils eluting within the retained region as temperature changed from 
500 °C to 850 °C can be attributed to the thermal cracking of the oils during the peak 
temperature hold time. The difference in behaviour between the two bio-oils is most 
likely due to differences in their chemical make-up as mentioned in Section 4.1.1.  
 
4.1.3 UV-fluorescence spectroscopy 
Figure 4.5 and Figure 4.6 show synchronous UV-Fluorescence spectra of rice husk and 
beech wood bio-oils, respectively. Spectra from both bio-oils exhibit three peaks: at 
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260-295 nm (peak A), 295-325 nm (peak B) and 340-390 nm (peak C). The presence of 
these peaks indicates the presence of small aromatic chromophores, i.e. 2-3 condensed 
aromatic rings as assigned in previous work [70, 71] whereas the peaks at longer 
wavelengths indicate more condensed aromatic structures than those at shorter 
wavelengths, i.e. peak C represents more condensed aromatic structures than peak B. 
As peak A is dominated by light scattering by the NMP solvent, the following 
discussion for both beech wood and rice husk bio-oils is based on peak B and peak C. 
Note that all spectra are height-normalised to facilitate the spectra interpretation, i.e. the 
maxima of either peak C or peak B is set to 1; hence, the discussion is based on the 
relative ratio of these two peaks.  
 
 
Figure 4.5 Synchronous UV-F spectra of rice husk bio-oils produced at different 
temperatures in the WMR. Holding time: 30 s. Heating rate: 1,000 °C/s. Sweep gas 
flow: He 0.1 m/s. Particle size range: 106-150 µm. All spectra are normalised, based on 
the maxima of the peak at 300-340 nm (peak B). 
 
Rice husk: It is expected that aromatic compounds in bio-oil are mainly derived from 
the thermal breakdown of lignin pyrolysis due to its phenolic structure. Lignin is 
thought to be more highly cross-linked than other components and requires a wider and 
higher temperature range to enhance covalent bond cleavage [16]. According to Figure 
4.5, it can be observed that the intensity ratio of peak C to peak B at 350 °C rice husk 
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bio-oil is lower than those of the other temperatures studied. Coupled with yield results 
and data from SEC chromatograms, it seems that experiments at 350 °C produce a 
lower amount of larger polynuclear aromatic groups, compared to other temperature 
conditions. Molecules produced at this temperature have smaller chromophores 
probably because they are formed by breakage of single covalent bonds. This indicates 
that the low temperature is not high enough to break the strong and/or multiple covalent 
bonds that results in the release of the more stable highly condensed and complex 
aromatic chromophores from the structure of biomass. 
 
At temperatures from 500 to 850 °C, the peak C to peak B ratios are all higher than that 
of the 350 °C bio-oil. No trend of the peak C to peak B ratios, however, can be 
observed. According to the yield results and SEC chromatograms, synchronous UV-F 
spectra of bio-oils obtained at high temperatures, 700 °C and 850 °C, are likely to be 
altered by cracking and re-arrangement of the components due to their reactive nature 
and thermal radiation from the mesh. Both peak B and peak C possibly undergo 
cracking and re-polymerisation due to exposure to high temperatures and these two 
mechanisms probably affect to both peaks disproportionably. 
 
Beech wood: Figure 4.6 shows that the 350 °C beech wood bio-oil also gives a small 
ratio of peak C to peak B, compared to other temperature conditions, due to incomplete 
pyrolysis. It appears that the ratio of peak C to peak B increases with increasing 
temperature, until it levels off at 700 °C; this is in agreement with the data of Figure 4.2 
and Figure 4.4 that shows the similarity of both the bio-oil yield and the SEC 
chromatograms at 700 °C and 850 °C. The differences in the trends observed in UV-F 
spectra between rice husk and beech wood bio-oils are also as a result of the differences 
in the molecular structures and their amounts in each type of biomass.  
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Figure 4.6 Synchronous UV-F spectra of beech wood bio-oils produced at different 
temperatures in the WMR. Holding time: 30 s. Heating rate: 1,000 °C/s. Sweep gas 
flow: He 0.1 m/s. Particle size range: 106-150 µm. All spectra are height-normalised, 
based on the maxima of the peak at 300-340 nm (peak B). 
 
4.1.4 Summary 
At the low temperature, e.g. 350 °C, pyrolysis is incomplete; in other words, the 
temperature is not high enough to pyrolyse all the biomass components, especially 
lignin which requires a wider and higher temperature range. This is reflected in a high 
char yield and low bio-oil yield, with a lower molecular weight distribution. 
Synchronous UV-F spectra are consistent with incomplete pyrolysis of lignin which 
would mainly contribute to UV-F spectra due to its phenolic structure. Maximum bio-
oil yields of rice husk and beech wood were reached at 500 °C and the largest 
molecular size distribution of bio-oil was present. The bio-oils produced at high 
temperatures, 700 °C and 850 °C, are likely to be cracked and re-arranged in the tar trap 
due to the reactive nature of bio-oils and by the thermal radiation from the mesh. In 
general, secondary cracking seems to occur with the pyrolysis of rice husk than that of 
beech wood which is very likely due to the higher ash content.  
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4.2 Effect of heating rate 
4.2.1 Product yields 
Figure 4.7 shows the effect of heating rate on the yields of the rice husk pyrolysis. It 
can be seen that the char yield decreases with increasing heating rate. High heating rate 
facilitates the release of volatiles formed during pyrolysis from the biomass particles; 
thus a shorter residence time of volatiles in the particle. This minimises the occurrence 
of intra-particle secondary reactions which causes further cracking of the volatiles and 
the formation of secondary chars deposited within the particles. The effect of heating 
rate on biomass pyrolysis can, thus, be described by analogy with the role of the heating 
rate in coal pyrolysis as the explosive ejection of volatiles as the heating rate increases, 
and this has been comprehensively discussed elsewhere [30]. 
 
 
Figure 4.7 Effect of heating rate on the product yields of rice husk pyrolysis in the 
WMR: (•) bio-oil yield, (×) char yield. Holding time: 30 s. Peak temperature: 500 °C. 
Sweep gas flow: He 0.1 m/s. Particle size range: 106-150 µm. 
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The rice husk bio-oil yield increases with increasing heating rate as shown in Figure 
4.7. At high heating rates, volatiles released are less liable to be cracked or converted to 
secondary chars before they leave the biomass particle; thus surviving as bio-oils.  
 
4.2.2 Size exclusion chromatography 
Figure 4.8 shows the SEC chromatograms of rice husk bio-oils produced at different 
heating rates. It can be observed that the retained peak shifted towards a shorter elution 
time with increasing heating rate; the shift mostly takes place between 1 to 100 °C/s 
and only a small change at 1,000 °C/s. This indicates that the molecular size of bio-oil 
constituents produced with a fast heating rate is larger than that with a slow heating 
rate. As previously discussed in 4.2.1, this is due to fewer secondary pyrolysis reactions 
inside the biomass particles, although differences between the oils are relatively small.  
 
 
Figure 4.8 SEC chromatograms of rice husk bio-oils produced at different heating rates 
in the WMR. Holding time: 30 s. Peak temperature: 500 °C. Sweep gas flow: He 0.1 
m/s. Particle size range: 106-150 µm. All chromatograms are area-normalised. 
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4.2.3 UV-fluorescence spectroscopy 
Figure 4.9 shows synchronous UV-F spectra of rice husk bio-oils produced with 
different heating rates. As in the case of the SEC results, differences between spectra 
are relatively small. It can nevertheless be discerned that the ratio of peak C (340-390 
nm) and peak B (295-325 nm) increases with decreasing heating rate, especially the 1 
°C/s bio-oil where peak B seems to disappear or shift to slightly longer wavelengths; 
thus revealing the broad peak at 325-340 nm. The data of Figure 4.7 shows the same oil 
yield for 1 and 10 °C/s pyrolysis, indicating that the oil formed at the lower rate has 
undergone some thermal condensation reaction but the yield has not been affected. As 
previously mentioned, slow heating rate encourages intra-particle secondary pyrolysis 
reactions, i.e. cracking or secondary char formation, inside the particles. The high 
heating rate would allow molecules with large chromophores to hastily escape from the 
hot zone inside the particle. In contrast, at low heating rates molecules could not escape 
quickly and also were experienced a long exposure to high temperatures (as a result of 
low heating rate); thus they are subject to more extensive intra-particle reactions. The 
increase of peak C to peak B ratio with decreasing heating rate and the disappearance of 
the peak B at 1 °C/s possibly suggest the loss of the aromatic compounds owing to 
cracking or secondary char formation, especially affecting the less stable or less 
condensed aromatic species. 
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Figure 4.9 Synchronous UV-F spectra of rice husk bio-oils produced at different 
heating rates in the WMR. Holding time: 30 s. Peak temperature: 500 °C. Sweep gas 
flow: He 0.1 m/s. Particle size range: 106-150 µm. All spectra are height-normalised. 
 
4.2.4 Summary 
Structural effects due to changes in heating rates were observed to be relatively small. 
Fast heating minimises intra-particle secondary pyrolysis reactions; thus resulting in 
high bio-oil yield. This is also consistent with the SEC results which show that the 
molecular size of bio-oil increases with increasing heating rate. Synchronous UV-F 
spectra suggests that low heating rate favours the loss of the aromatic compounds due 
to cracking or secondary reactions, especially affecting the less stable or condensed 
aromatic species. 
 
4.3 Effect of holding time 
4.3.1 Product yields 
Figure 4.10 shows the effect of holding time at peak temperature of 500 °C on the 
yields of the rice husk pyrolysis products. It can be observed that pyrolysis of rice husk 
at the holding time of 10 s exhibits a lower bio-oil yield and slightly higher char yield, 
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compared with other holding times. This is likely to be caused by an insufficient 
holding time to allow the particles of biomass to pyrolyse completely. The levelled-off 
trend of pyrolysis yields at the holding time of 30 s, 100 s and 250 s suggests that the 
pyrolysis reactions were complete by 30 s and no volatiles were released afterwards. 
However, the holding time does considerably affect the properties of chars, and this 
will be discussed in Chapter 5. 
 
 
Figure 4.10 Effect of holding time on the product yields of rice husk pyrolysis in the 
WMR: (•) bio-oil yield, (×) char yield. Heating rate: 1,000 °C/s. Peak temperature: 500 
°C. Sweep gas flow: He 0.1 m/s. Particle size range: 106-150 µm. 
 
4.3.2 Size exclusion chromatography 
Figure 4.11 shows the effect of holding time at peak temperature on the SEC 
chromatograms of rice husk bio-oils.  Comparing the SEC chromatogram of the 10 s 
and 30 s bio-oils, the retained peak intensity of the 10 s bio-oil is higher and the 
excluded peak intensity is more intense than that of the 30 s bio-oil. This is consistent 
with the yield data in Section 4.3.1 which showed that exposure to the 500 °C for 10 s 
holding is not long enough to obtain complete pyrolysis.   
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Figure 4.11 SEC chromatograms of rice husk bio-oils produced at different holding 
times in the WMR. Heating rate: 1,000 °C/s. Peak temperature: 500 °C. Sweep gas 
flow: He 0.1 m/s. Particle size range: 106-150 µm. All chromatograms are area-
normalised. 
 
Having compared the pyrolysis yields of rice husk bio-oil shown in Figure 4.10, their 
respective SEC chromatograms in Figure 4.11 are not straightforward to explain, 
especially the bio-oils produced with the long holding times of 100 s and 250 s. No 
decrease in bio-oil yields at these conditions compared to that of the 30 s holding time 
can be observed, but the intensities of their retained peaks are relatively high compared 
to the 30 s bio-oil. In fact, after volatiles were completely released, i.e. beyond 30 s 
holding time, the char properties would be mainly affected and the bio-oil structures 
should not be altered, as the bio-oil would be caught in the low temperature trap. It is 
thought that the bio-oils giving the SEC chromatograms produced with long holding 
times (100 s and 250 s holding times) have been affected by thermal radiation from the 
mesh. This causes further changes in the bio-oil captured at the lower level in the bio-
oil trap, as already noted for the 850 °C bio-oil (in Section 4.1), but to a lesser extent 
(because at 500 °C the mesh temperature was lower), such that an insignificant amount 
of bio-oil was lost. Instead, SEC chromatograms of bio-oils obtained from these long 
residence time tests suggests that some re-arrangement within the bio-oils has primarily 
taken place due to the reactive nature of bio-oil and the long exposure to the thermal 
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radiation from the mesh at peak temperature, but without a significant change of oil 
yield.  
 
4.3.3 UV-fluorescence spectroscopy 
Synchronous UV-F spectra of rice husk bio-oils obtained with different holding times 
are shown in Figure 4.12. Peak C to peak B ratio of the 10 s bio-oil is lower than those 
of longer holding times. As also observed for the 350 °C bio-oil in section 4.1.3, this is 
likely due to incomplete pyrolysis, i.e. where the stronger bonds were not broken to 
release aromatic compounds, especially lignin, which is known to degrade over a wide 
temperature range.   
 
 
Figure 4.12 Synchronous UV-F spectra of rice husk bio-oils produced at different 
holding time in the WMR. Heating rate: 1,000 °C/s. Peak temperature: 500 °C. Sweep 
gas flow: He 0.1 m/s. Particle size range: 106-150 µm. All spectra are normalised, 
based on the maxima of the peak at 300-340 nm (peak B). 
 
At longer holding times, peak C to peak B ratios are all higher than that of the 10 s bio-
oil. The ratio, however, reaches its maximum at 30 s holding and decreases with further 
increases in the holding time. This is likely to show the re-arrangement of the aromatic 
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compounds due to the thermal radiation from the mesh. The decrease of peak C to peak 
B ratio with increasing holding time probably suggests that larger and more condensed 
peak C compounds were cracked into smaller and less condensed peak B compounds. 
 
4.3.4 Summary 
Incomplete pyrolysis can be observed with the short holding time, i.e. 10 s, due to 
insufficient exposure time to allow the whole of the biomass particles to reach the peak 
temperature and pyrolyse completely. It shows that the bio-oil yields levelled off after 
the volatiles were completely released; hence, the bio-oil structures would not be 
expected to change. However, bio-oil structures produced at 500 °C and relatively long 
holding times (100 s and 250 s) demonstrate some structural alteration and re-
arrangement, as can be observed in SEC chromatograms and synchronous UV-F 
spectra. This is, again, likely due to its reactive nature and long exposure time but to a 
lesser extent than for the bio-oils exposed to high temperature (850 °C and 30 s holding 
time). 
 
4.4 Conclusions 
The temperature required to pyrolyse biomass primarily depends on the breakdown 
temperature of components in the biomass: cellulose, hemicellulose and lignin. 
Maximum bio-oil yield was obtained at 500 °C. At higher temperatures, bio-oils are 
likely to be cracked and re-arranged due to the reactive nature of bio-oils and the 
thermal radiation from the mesh.  
 
Heating rate plays an important role in the fate of volatile release inside the biomass 
particle as it reduces the residence time of escaping volatile in the biomass particles. 
Thus, the occurrence of intra-particle secondary reactions which includes cracking and 
secondary char formation is minimised. The molecular size of bio-oil, hence, increases 
with increasing heating rate.  
 
A sufficient exposure time to the pyrolysis temperature is required for biomass particles 
to undergo complete pyrolysis. Once the release of volatiles are complete, bio-oil yields 
levelled off. However, some structural alteration and re-arrangement seem to occur 
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with the bio-oil produced from long holding times. This is, again, likely due to its 
reactive nature and long exposure to elevated temperatures.  
 
Biomass contains a high and variable proportion of volatile matter in pyrolysis. This 
volatile matter is reactive and once released can go through a complex sequence of 
secondary reactions. The wire-mesh reactor was conceived to avoid these secondary 
reactions by rapidly sweeping the evolved material away from the hot mesh and 
particles through a cool head space and to a cooled bio-oil trap. The release extent of 
the volatiles depends on the mesh temperature (it seems to be complete above 
approximately 500 °C for the biomass). Cracking reactions of volatiles in the bio-oil 
trap during bio-oil pyrolysis have been noted in this work whereas it was not observed 
during studies with coal with the same reactor configuration; hence, it is thought to be a 
result of the more reactive nature of the bio-oils. The cracking reactions proceed during 
the escape time of the released materials from the particles, depending on the mesh 
temperature and the time duration for which bio-oils are exposed to the relatively high 
temperature. It is suggested that the radiation from the red hot mesh causes further 
cracking of the tars caught in the lower levels of the bio-oil trap. 
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Chapter 5 Effect of Pyrolysis Operating Conditions on Bio-
chars 
5.  
The production of rice husk chars in the wire-mesh reactor is examined in this chapter. 
The effect of heating rate, peak temperature and holding time on the char combustion 
reactivity and morphology has been studied. The TGA technique with the non-
isothermal method, described in Section 3.4.5, has been chosen to investigate the 
combustion reactivity. The half time (t1/2), time for 50 % burnout, and the maximum 
reactivity (Rmax) are taken as indices of char reactivity to compare bio-char samples 
formed under different pyrolysis conditions. The morphology of the chars was 
examined by scanning electron microscope (SEM).  
 
5.1 Effect of peak temperature 
5.1.1 Char combustion reactivity 
Figure 5.1 and Figure 5.2 show the combustion reactivity of rice husk chars as Rmax and 
t1/2 produced at different pyrolysis temperatures. Both reactivity indices appear to show 
the similar trend.  
 
At 350 °C pyrolysis was not complete, as previously discussed in Section 4.1; hence, 
some lignocellulosic components are expected to be not pyrolysed in the WMR runs. 
However, comparing between the reactivity indices of the 350 °C and 500 °C chars, it 
appears that no significant differences between the two conditions can be observed. 
This is due to the fact that the non-pyrolysed materials in the 350 °C char underwent 
pyrolysis during the heating up stage from 50 °C to 400 °C (referred to stage (2) of the 
TGA temperature programmed outlined in Section 3.4.5). 
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Figure 5.1 Effect of pyrolysis peak temperature on Rmax of rice husk bio-chars produced 
in the WMR. Heating rate: 1,000 °C/s. Holding time: 30 s. Sweep gas flow: He 0.1 m/s. 
Particle size range: 106-150 µm. 
 
 
Figure 5.2 Effect of pyrolysis peak temperature on t1/2 of rice husk bio-chars produced 
in the WMR. Heating rate: 1,000 °C/s. Holding time: 30 s. Sweep gas flow: He 0.1 m/s. 
Particle size range: 106-150 µm. 
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In the temperature range of 500-850 °C, it can be observed that the combustion 
reactivity decreases with increasing peak temperature; the diminution mainly occurred 
between 500 and 700 °C, i.e. the maximum char reactivity decreases and the half time 
increases. Since the bio-chars were produced in the wire-mesh reactor where helium 
sweep gas was applied to remove volatiles from the hot reaction zone, secondary char 
formation was minimised. The decrease in reactivity, hence, is not thought to be caused 
by secondary char formation, but is a consequence of thermal annealing. With the 
exposure to high temperatures, the structural ordering of carbon matrix increases and 
the concentration of active sites in char particles is reduced. 
 
5.1.2 Morphology 
Figure 5.3, Figure 5.4, Figure 5.5, Figure 5.6 and Figure 5.7 show SEM images of 
parent sample and rich husk chars produced from different pyrolysis peak temperatures. 
It can be seen that the 350 °C char resembles the parent sample. At high temperatures 
(500 to 850 °C), melting is noticed.  This appears to be due to the high heating rate 
employed in the study. The effect of high heating rate is discussed in Section 5.2.  
 
 
Figure 5.3 SEM image of rice husk (parent sample) 
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Figure 5.4 SEM image of rice husk char produced at 350 °C in the WMR. Heating rate: 
1,000 °C/s. Holding time: 30 s. Sweep gas flow: He 0.1 m/s. Particle size range: 106-
150 µm. 
 
 
Figure 5.5 SEM image of rice husk char produced at 500 °C in the WMR. Heating rate: 
1,000 °C/s. Holding time: 30 s. Sweep gas flow: He 0.1 m/s. Particle size range: 106-
150 µm. 
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Figure 5.6 SEM image of rice husk char produced at 700 °C in the WMR. Heating rate: 
1,000 °C/s. Holding time: 30 s. Sweep gas flow: He 0.1 m/s. Particle size range: 106-
150 µm. 
 
 
Figure 5.7 SEM image of rice husk char produced at 850 °C in the WMR. Heating rate: 
1,000 °C/s. Holding time: 30 s. Sweep gas flow: He 0.1 m/s. Particle size range: 106-
150 µm. 
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5.1.3 Summary 
The morphology of chars which have undergone complete pyrolysis (500 °C onwards) 
does not show a significant physical change with increasing temperature. However, 
despite a negligible change in morphology, the values of Rmax and t1/2 show that high 
temperatures cause the reduction of char reactivity by thermal annealing. The structural 
ordering of carbon matrix increases with increasing temperature; thus reducing the 
concentration of active sites in the char particles.   
 
5.2 Effect of heating rate 
5.2.1 Char combustion reactivity 
Figure 5.8 and Figure 5.9 show the combustion reactivity of rice husk chars produced at 
different heating rates. Both reactivity indices indicate similar trends, even though the 
variation of t1/2 is more marked than that of Rmax. The values of both indices suggest 
that fast heating rates promote the combustion reactivity of chars. At low heating rates, 
no significant morphological changes occur; hence, volatiles are released through the 
natural porosity of biomass materials [83]. On the other hand, high heating rates 
facilitate the occurrence of internal overpressure in the particles as well as the melting 
of cell structure. This causes volatile ejection which would result in a char structure 
with more porosity. This porous morphology not only allows the reduction of volatile 
residence time, which causes the diminution of the secondary char formation inside the 
particles, but also facilitates the diffusion of oxygen molecules during the combustion 
test [28]. 
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Figure 5.8 Effect of heating rate on Rmax of rice husk bio-chars produced in the WMR. 
Peak temperature: 500 °C. Holding time: 30 s. Sweep gas flow: He 0.1 m/s. Particle 
size range: 106-150 µm. 
 
 
Figure 5.9 Effect of heating rate on t1/2 of rice husk bio-chars produced in the WMR. 
Peak temperature: 500 °C. Holding time: 30 s. Sweep gas flow: He 0.1 m/s. Particle 
size range: 106-150 µm. 
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5.2.2 Morphology 
Figure 5.10, Figure 5.11, Figure 5.12 and Figure 5.13 show the SEM images of rice 
husk chars produced with different pyrolysis heating rates. It can be seen that the SEM 
images of chars produced at 1, 10 and 100 °C/s are relatively similar to the parent 
sample (Figure 5.3) while the 1,000 °C/s char shows evidence of melting and loss of 
natural cell structure. This shows that the melting phenomenon is promoted by high 
heating rates. The heating rates of 1 to 100 °C/s are probably not high enough to affect 
the physical morphology noticeably. However, the results from both TGA reactivity 
indices, as shown in Section 5.2.1, demonstrate the impact of heating rate on char 
properties.  
  
 
Figure 5.10 SEM image of rice husk char produced at 1 °C/s in the WMR. Peak 
temperature: 500 °C. Holding time: 30 s. Sweep gas flow: He 0.1 m/s. Particle size 
range: 106-150 µm. 
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Figure 5.11 SEM image of rice husk char produced at 10 °C/s in the WMR. Peak 
temperature: 500 °C. Holding time: 30 s. Sweep gas flow: He 0.1 m/s. Particle size 
range: 106-150 µm. 
 
 
Figure 5.12 SEM image of rice husk char produced at 100 °C/s in the WMR. Peak 
temperature: 500 °C. Holding time: 30 s. Sweep gas flow: He 0.1 m/s. Particle size 
range: 106-150 µm. 
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Figure 5.13 SEM image of rice husk char produced at 1,000 °C/s in the WMR. Peak 
temperature: 500 °C. Holding time: 30 s. Sweep gas flow: He 0.1 m/s. Particle size 
range: 106-150 µm.  
 
5.2.3 Summary 
The values of Rmax and t1/2 suggest that fast heating promotes the combustion reactivity 
of chars through the mechanism of volatile ejection. The char porosity is enhanced; 
thus facilitating the release of volatiles and oxygen diffusion during the combustion 
test. Melting phenomenon could also be observed in the 1,000 °C/s char by the SEM, 
but not at lower heating rates. 
 
5.3 Effect of holding time 
5.3.1 Char combustion reactivity 
Figure 5.14 and Figure 5.15 show the combustion reactivity of rice husk chars exposed 
to different holding times. The combustion reactivity of chars decreases with increasing 
exposure time at high temperatures. This phenomenon is similar to thermal annealing 
occurring at high temperatures, previously discussed in Section 5.1: the carbon 
structure of char is progressively re-organised with increased exposure time to a well-
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ordered and less reactive structure. This is probably similar to the development of the 
graphitic structures in a study with coal char exposed to a relatively high temperature 
for 3,000 s [84]. 
 
 
Figure 5.14 Effect of holding time on Rmax of rice husk bio-chars produced in the 
WMR. Peak temperature: 500 °C. Heating rate: 1,000 °C/s. Sweep gas flow: He 0.1 
m/s. Particle size range: 106-150 µm. 
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Figure 5.15 Effect of holding time on t1/2 of rice husk bio-chars produced in the WMR. 
Peak temperature: 500 °C. Heating rate: 1,000 °C/s. Sweep gas flow: He 0.1 m/s. 
Particle size range: 106-150 µm. 
 
5.3.2 Morphology 
Figure 5.16, Figure 5.17, Figure 5.18 and Figure 5.19 show SEM images of rice husk 
chars produced at different holding times. Melting of cell structure due to the high 
heating rate employed in this study, i.e. 1,000 °C/s, can be observed in all bio-char 
samples. The morphology variation among chars exposed to different holding times 
seems to be insignificant.  
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Figure 5.16 SEM image of rice husk char produced at 10 s holding time in the WMR. 
Peak temperature: 500 °C. Heating rate: 1,000 °C/s. Sweep gas flow: He 0.1 m/s. 
Particle size range: 106-150 µm. 
 
 
Figure 5.17 SEM image of rice husk char produced at 30 s holding time in the WMR. 
Peak temperature: 500 °C. Heating rate: 1,000 °C/s. Sweep gas flow: He 0.1 m/s. 
Particle size range: 106-150 µm. 
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Figure 5.18 SEM image of rice husk char produced at 100 s holding time in the WMR. 
Peak temperature: 500 °C. Heating rate: 1,000 °C/s. Sweep gas flow: He 0.1 m/s. 
Particle size range: 106-150 µm. 
 
 
Figure 5.19 SEM image of rice husk char produced at 250 s holding time in the WMR. 
Peak temperature: 500 °C. Heating rate: 1,000 °C/s. Sweep gas flow: He 0.1 m/s. 
Particle size range: 106-150 µm. 
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5.3.3 Summary 
The morphology of chars does not appear to be significantly altered by the variation in 
holding time. However, both reactivity indices reveal that the combustion char 
reactivity decreases with increasing exposure time. This is as a consequence of thermal 
annealing at the high temperature of the test (500 °C).     
 
5.4 Conclusions 
Rmax and t1/2 provide the same information on the combustion reactivity of chars 
produced under different pyrolysis operating conditions. Thermal annealing is 
responsible for the reactivity reduction of chars produced at high temperatures or long 
exposure times. This is due to the fact that chars are annealed to yield a more structured 
morphology. Char produced at a high heating rate exhibits a melting phenomenon. This 
results in the formation of a more porous char, which is thought to be formed by 
volatile ejection, while the forming char was partly melted. This mechanism enhances 
the porous morphology and encourages the diffusion of oxygen during combustion 
reactivity test; thereby increasing the measured char reactivity. 
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Chapter 6 Investigation of Bio-oil Ageing 
6  
Bio-oils from biomass pyrolysis are known to be unstable. This characteristic is due to 
their high oxygen content and their reactivity, following the cleavage during pyrolysis, 
of oxygen bridges, giving rise to structures prone to polymerisation. This chapter will 
investigate the ageing behaviour of bio-oils to improve our understanding of the bio-oil 
ageing process. In this study, bio-oils from two types of biomass, beech wood and rice 
husk, were produced by the Gray-King (GK) pyrolysis setup. The bio-oils were, 
afterwards, stored in four different conditions: 1) 5 ºC with nitrogen headspace; 2) 
laboratory ambient temperature with nitrogen headspace; 3) laboratory ambient 
temperature with air headspace; 4) 40 ºC with nitrogen headspace. The nitrogen 
headspace (in conditions 1, 2 and 4) has been achieved by bubbling and purging 
samples with nitrogen while this practice has not been applied to the samples labelled 
as with air headspace (condition 3). These storage conditions allow the investigation of 
not only bio-oil ageing over time but also the effect of storage temperature and storage 
atmosphere on bio-oil structures. To elucidate changes due to the ageing in the samples, 
four analytical techniques were employed: size exclusion chromatography (SEC), 
Fourier transform infrared spectrometer (FT-IR), 13C nuclear magnetic resonance (13C-
NMR) and UV-fluorescence spectroscopy (UV-F).  
 
6.1 Ageing of bio-oils over time 
6.1.1 Size exclusion chromatography 
SEC chromatograms over time of beech wood and rice husk bio-oils stored at the 
laboratory ambient temperature (condition 2) are presented in Figure 6.1 and Figure 
6.2. In both samples, the excluded region can be observed at approximately 10-14 mins 
while the retained region appears at approximately 17-25 mins. Due to the fact that the 
excluded region represents the materials eluted at void volume of the column, there is 
uncertainty regarding molecular masses indicated in this part of the chromatograms. As 
discussed in Section 3.4.1, this part of the chromatograms showed differences when 
comparing results obtained on different days. Thus, the discussion is mainly based on 
the retained peaks.   
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SEC chromatograms over time of beech wood bio-oils in Figure 6.1 shows three 
curves, with peaks in the retained region, at around 19.8, 20.8 and 21.5 mins, which 
correspond to masses of approximately 690 u, 340 u and 250 u, respectively. A 
decrease in intensity of both 340 u and 250 u peaks is observed over time; the former of 
which shows a slightly greater reduction.  In contrast, the intensity of 690 u peak 
increases with time. This shows that the size distribution of the bio-oil samples shifts to 
larger molecular sizes due to the polymerisation of smaller molecules to larger 
molecules. As discussed in Section 2.5, possible polymerisation reactions occurring in 
the bio-oil are aldehyde polymerisation and the formation of phenolic resins. 
Furthermore, it can be observed that the intensities of 340 u and 250 u peaks decrease 
relatively faster at the beginning of the storage time, e.g. from Day 0 to Day 4, 
compared to the change between Month 2 and Month 3. Thus, this suggests that the 
polymerisation process decelerates over time. This is in agreement with work reporting 
that the viscosity increased faster at the beginning and then levelled off afterwards [85].  
 
 
Figure 6.1 SEC chromatograms of beech wood bio-oil stored at the laboratory ambient 
temperature with N2 headspace over three months. All chromatograms are area-
normalised. The bio-oil was produced in the GK setup with a temperature of 500 °C 
and a He gas flow of 0.14 L/min.  
 
SEC chromatograms of rice husk bio-oils show a slight difference from those of beech 
wood bio-oils. Three curves, with peaks in the retained region, are found at around 
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19.8, 21.3 and 21.5 mins, which correspond to masses of approximately 690 u, 270 u 
and 250 u. The changes in the SEC chromatograms of the rice husk bio-oils 
demonstrate similar polymerisation behaviour as observed in the beech wood bio-oils: 
the intensities of 270 u and 250 u peaks decrease while the intensity of 690 u increases 
with time and the chromatograms also show the deceleration of polymerisation over 
time.     
 
 
Figure 6.2 SEC chromatograms of rice husk bio-oil stored at the laboratory ambient 
temperature with N2 headspace over three months. All chromatograms are area-
normalised. The bio-oil was produced in the GK setup with a temperature of 500 °C 
and a He gas flow of 0.14 L/min.  
 
6.1.2 Fourier transform infrared spectroscopy 
As bio-oils contain oxygenated components, three regions for bands due to oxygen-
containing functional groups should be taken into consideration [86]. Table 6.1 
summarises the band regions found in each oxygen-containing functional groups. FT-
IR results obtained by ATR for the beech wood bio-oil over three months are shown in 
Figure 6.3 where the labels show the wavelengths of the peaks (Figure 6.3a) and the 
absorbance intensities (corresponding to the peaks labelled in Figure 6.3a) are shown in 
Figure 6.3b. On the whole, changes observed by infrared spectroscopy over time are 
not remarkable. 
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There is a broad peak in 3,500-2,700 cm-1 region centred at 3,390 cm-1, which is likely 
to correspond to O-H stretching in carboxylic acids, alcohol and water. Two peaks in 
1,850-1,650 cm-1 region are observed: 1,710 cm-1 peak from carbonyl group and 1,640 
cm-1 probably from either the carbonyl group, or water, or both. To demonstrate the 
influence of water in the samples, spectra of bio-oil and water are compared in Figure 
6.4. The peak at 1,515 cm-1 is thought to be due to the aromatic valence vibration [87]. 
In the band region of 1,300-1,000 cm-1, a few broad peaks which are likely to be owing 
to alcohol, ether, ester and carboxylic groups can be observed. Note that to obtain a 
clearer insight on spectral changes, it is also worth comparing with the changes of bio-
oil stored at 40 ºC as shown in Figure 6.20. The reason is that the spectral changes 
obtained from the 40 ºC bio-oils are qualitatively similar to those obtained from the 
laboratory ambient temperature but more marked. This following discussion is, 
therefore, based on the changes of bio-oils stored at the laboratory ambient temperature 
(Figure 6.3) and at 40 ºC (Figure 6.20). 
 
Table 6.1 Band regions for oxygen-containing functional groups 
 
Compound 
classification 
O-H stretching 
3,500-2,700 cm-1 
C=O stretching 
1,850-1,650 cm-1 
C-O-H, C-O-C 
stretching 
1,300-1,000 cm-1 
Ketone    
Aldehyde    
Alcohol    
Ether    
Ester    
Carboxylic acid    
 
It appears that the intensity of the broad peak centred at 3,390 cm-1 initially increases 
up to four weeks and afterwards decreases. This complicated change is likely to be 
caused by opposing effects due to the presence of carboxylic acids, alcohol and water.  
 
The peak at 1,710 cm-1 which unquestionably represents carbonyl groups increases over 
time; thus indicating that the concentration of compounds containing a carbonyl group 
increases over the ageing period. The intensity increase of this peak has also been 
reported in literature [85]. According to Table 6.1, the groups which may potentially 
generate this carbonyl peak are ketones, aldehydes, esters and carboxylic acids. An 
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attempt has been made to identify the type of carbonyl group likely to generate the 
1,710 cm-1 peak. A number of spectra of ketones, aldehydes, esters and carboxylic acids 
in the spectral database [88, 89] coupled with some characteristic remarks on carbonyl 
groups of these compounds [90] have been studied and compared to see whether the 
1,710 cm-1peak would particularly represent one of these types of compounds. It was 
found not possible to designate the peak from these sources of information with 
certainty. However, to facilitate the discussion, the carbonyl group from saturated 
aliphatic ketone appears around 1,715 cm-1. Carbonyl peaks from esters and aldehydes 
tend to appear at slightly higher frequencies (1,740 cm-1 and 1,725 cm-1 [88], 
respectively). Carbonyl groups in monomers of saturated aliphatic carboxylic acids 
absorb at higher frequency (circa. 1,760 cm-1); however, carboxylic acids exist as 
dimers in the liquid state due to hydrogen bonding and absorb in the region of 1,720-
1,706 cm-1 [90]. For example, the carbonyl group of acetic acid analysed as a liquid 
film appears at 1,714 cm-1 [89]. According to the above lines of reasoning, the 1,710 
cm-1 peak is likely to represent either ketone or carboxylic acids. It seems unlikely to be 
caused by the presence of aldehydes and esters. However, another thought to keep in 
mind is that aldehydes and esters conjugated with alkenes or aromatics produce a 
frequency reduction to 1,710-1,685 cm-1 and 1,730-1,715 cm-1, respectively [90]. To 
summarise, according to the spectral archives and typical characteristics of carbonyl 
groups in each type of compounds, the 1,710 cm-1 peak can be derived from all types of 
carbonyl groups, but it seems more likely to be caused by the presence of carboxylic 
acids. 
 
The 1,515 cm-1 peak appears to be constant in intensity over time. As expected, this 
suggests that basic aromatic structure does not change during the ageing process. 
 
A few broad peaks in the band of 1,300-1,000 cm-1 show some systematic changes over 
time (especially in the case of 40 ºC bio-oils in Figure 6.20 where the changes are more 
evident). An increase in the 1,315-1,150 cm-1 band, which has a maximum peak at 
1,265 cm-1, may be caused by the increase of carboxylic acid or ester concentrations. A 
decrease of the 1,020 cm-1 peak can also be observed; however, the cause of it is not 
known. 
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exceeding the absorbing intensity was solved and the spectra obtained demonstrated a 
better signal as shown in Figure 6.7. This is as a result of using a larger sample size and 
applying drying procedure to remove water.  
 
Figure 6.7 FT-IR spectra of rice husk bio-oils performed by the use of the KBR pellets 
(referred to Transmission 2 in Section 3.4.3). Legend: ‘blue’ and ‘green’  – 5 °C bio-
oil; ‘red’ and ‘black’ – 40 °C bio-oil. 
 
However, taking the experimental error into account, it was observed that no 
meaningful interpretation could be made even between the bio-oils stored at 5 °C and 
40 °C as shown in Figure 6.7. This is likely due to several factors: 1) minor changes in 
the spectra as in the case of beech wood bio-oil in Figure 6.3a; 2) the procedure of 
pellet preparation where two steps of intensive drying at low temperature (35 °C for 15 
hours) to eliminate water was applied but the light volatiles would also be removed; 3) 
the heterogeneous nature of the rice husk bio-oil itself. 
 
6.1.3 13C Nuclear magnetic resonance spectroscopy 
To investigate changes in chemical classification due to the ageing, 13C-NMR spectra 
of beech wood bio-oil kept at 40 °C over two months were obtained to compare with 
that of the newly-produced sample. Having excluded signals from DMSO and DSS, the 
signal intensities were integrated and presented as in the chemical shift ranges 
according to Table 3.5. Figure 6.8 shows the carbon percentage of each carbon type 
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which is based on the integrated area of each chemical shift range and the total 
integrated area of each spectrum. 
A slight increase in the range of 180-165 ppm is observed. This increment, which 
corresponds to esters or carboxylic acids, can probably be linked to the increase of the 
carbonyl group concentration as discussed and observed in Section 6.1.2. 
 
A small increase in the range of 108-55 ppm probably suggests the increase of sugar-
derived compounds. It has been reported that levoglucosan, which is the main product 
of cellulose pyrolysis, increases during ageing [91]. 
 
It has been reported that the amount of carbonyl group of aldehydes and ketones 
decreased over time [40, 87]. However, the amount of aldehydes and ketones presented 
in Figure 6.8 did not show a significant decrease. 
 
 
Figure 6.8 Percentage of carbon in beech wood bio-oil stored at 40 °C over two months 
according to the carbon chemical shift classification. The bio-oil was produced in the 
GK setup with a temperature of 500 °C and a He gas flow of 0.14 L/min. 
 
On the whole, it can be seen that the NMR data indicate insignificant changes in the 
types of compounds present over the ageing period. This is a similar observation to that 
drawn from the FT-IR data. 
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6.1.4 UV-fluorescence spectroscopy 
Figure 6.9 and Figure 6.10 present synchronous UV-F spectra of beech wood and rice 
husk bio-oils, respectively. There are three dominant peaks in the spectra: 260-295 nm 
(peak A), 295-325 nm (peak B) and 340-390 nm (peak C). The appearance of these 
peaks is likely to represent the small aromatic chromophores, i.e. 2-3 condensed 
aromatic rings as assigned in previous works [70, 71]. Although peak A is derived from 
not only NMP solvent but also bio-oils (validated by analysing the bio-oil samples in 
methanol), the signal appears to be greatly dominated by NMP. The discussion for both 
beech wood and rice husk bio-oils below is, thus, based on the other two characteristic 
peaks.  
 
Over time, it appears that peak B, or the intensity ratio of peak B to peak C, gradually 
decreases thus revealing the blunt signal at 325-340 nm.  These systematic changes 
over time imply that the bio-oil has been altered during ageing to some extent. To 
interpret the UV-F spectra for this study, the nature of the ageing process and type of 
components in the bio-oil have to be taken into consideration. Synchronous UV-F 
spectroscopy has been widely used to study polyaromatic hydrocarbons in coal- or 
petroleum- derived materials. Unlike the coal- or petroleum- derived materials, changes 
in UV-F spectra of bio-oil during the ageing time frame are unlikely to result from the 
re-arrangement in aromatic structure. All of bio-oils samples studied are kept under 
relatively mild conditions, i.e. from 5 ºC to 40 ºC. These conditions are unlikely to 
encourage any reactions to cause alteration in the aromatic chromophores. Shifts and 
changes in the UV-F spectra of bio-oil during ageing period, hence, should not result 
from the re-arrangement of aromatic chromophores. 
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Figure 6.9 Synchronous UV-F spectra of beech wood bio-oil stored at laboratory 
ambient temperature with N2 headspace over three months. All spectra are height-
normalised. The bio-oil was produced in the GK setup with a temperature of 500 °C 
and a He gas flow of 0.14 L/min.  
 
 
Figure 6.10 Synchronous UV-F spectra of rice husk bio-oil stored at laboratory ambient 
temperature with N2 headspace over three months. All spectra are height-normalised. 
The bio-oil was produced in the GK setup with a temperature of 500 °C and a He gas 
flow of 0.14 L/min. 
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Another phenomenon was noticed when analysing the same samples over time. A 
general practice in preparing samples for UV-F analyses was to keep the concentration 
of samples at low levels to avoid the self-absorption [73], but at the same time 
maintaining the fluorescence intensity at levels where the intensity could be observed. 
It was found that higher concentrations of samples were required over time to obtain a 
reasonable spectral intensity. The samples, hence, seems to lose the capability to 
fluorescence over time. This probably implies the disappearance of some components 
which can fluoresce or changes in the samples which leads to fluorescence quenching.  
 
An assumption for this spectral change has been made. Since polymerisation plays an 
important part in bio-oil ageing, this may also result in the changes of UV-F spectra. 
Previous studies of UV-F spectra, in coal- and petroleum- derived material, show that 
larger and more condensed aromatic chromophores exhibit the bathochromic effect 
(shift to a longer wavelength) [71] and lower quantum yield, i.e. lower fluorescence 
intensity [92]. It was reckoned that during bio-oil ageing, larger molecules from 
polymerisation would fluoresce at the same wavelength (no bathochromic effect) but 
with lower quantum yield. The proposed assumption has been validated by 
investigating how UV-F spectra would change with the increasing degree of 
polymerisation. Synchronous UV-F spectra of toluene and polystyrene standards 
(Polymer Laboratories, UK) with molecular weights at peak intensity, Mp, of 580 
(PS580), 970 (PS970) and 2050 (PS2050) were acquired to gain a better understanding 
of this phenomenon. Toluene and polystyrene standards were prepared in heptane at 
several known concentrations to be able to investigate the effect on the degree of 
polymerisation on the quantum yield. Synchronous UV-F spectra of toluene and PS580 
are shown, as an example, in Figure 6.11.  
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Figure 6.11 Synchronous UV-F spectra of toluene and PS580 in different 
concentrations. 
 
It can be seen from Figure 6.11 that PS580 fluoresces at the same wavelength as 
toluene as expected and this behaviour has also been found in other polystyrenes. The 
relationship between the concentration and absolute intensity of toluene and all 
polystyrenes are shown in Figure 6.12. 
 
According to Figure 6.12, it can be seen that the fluorescence intensity of all 
polystyrenes are significantly lower than that of toluene. Among all polystyrenes, 
however, it shows that the fluorescence intensity does not appear to depend on the 
degree of polymerisation. This, yet, helps to explain what probably happens in the bio-
oil, i.e. the small molecules which are of high fluorescence quantum yield disappear 
over time through polymerisation.    
 
 
0
50
100
150
200
250
300
350
400
450
254 264 274 284 294 304 314
Ab
so
lu
te
 in
te
ns
ity
Wavelength (nm)
50 ppm toluene
20 ppm toluene
100 ppm PS580
50 ppm PS580
119 
 
 
Figure 6.12 Relationship between concentrations of toluene and polystyrenes and 
absolute intensity: (•) Toluene; (◊) PS580; (Δ) PS970; (×) PS2050. 
 
A polymerisation reaction which is analogous to the polystyrene polymerisation and 
likely to occur in the bio-oil is the formation of phenolic resins as outlined in Section 
2.5.6. In the presence of acid, phenols or substituted phenols react with aldehyde to 
form novolak phenolic resins and water. This reaction is liable to occur since aldehyde 
and phenols are products of biomass pyrolysis where the latter of which is mostly 
derived from the thermal degradation of lignin.   
 
6.1.5 Summary 
It has been clearly shown by the SEC results that polymerisation plays an important 
role in the bio-oil ageing. It is likely that phenolic resin formation is one of the 
polymerisation reactions responsible for the development of larger molecular size in the 
bio-oil. The rate of polymerisation decelerates over time and eventually levels off, as 
has been previously reported (based on viscosity measurement). Results from FT-IR 
and 13C-NMR suggest that no major changes in functional groups occur. However, 
some minor changes are likely to indicate the increase of carboxylic acids and sugar-
derived compounds. Combined with the SEC results, this is likely to suggest that the 
polymerisation occurs without affecting functional groups during bio-oil ageing.  
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Peaks in synchronous UV-F spectra of bio-oil possibly point out the presence of small 
aromatic rings, i.e. 2-3 condensed aromatic rings. These spectra have been altered 
noticeably during storage. The decrease in fluorescence intensity of the peaks coupled 
with the remark obtained when preparing samples for analysing is probably explained 
by the occurrence of polymerisation, especially the formation of phenolic resins. This 
proposed scheme was substantiated by investigating UV-F spectra obtained from 
toluene and polystyrenes.  
 
6.2 Effect of storage temperature on bio-oil structures 
6.2.1 Size exclusion chromatography 
SEC chromatograms of beech wood bio-oils stored under nitrogen at 5 ºC and 40 ºC 
over three months are shown in Figure 6.13 and Figure 6.14. It can be seen that peaks 
in the retained region of 5 ºC bio-oil exhibit a slower reduction in intensity than those 
of the 40 ºC bio-oil. SEC chromatograms of beech wood bio-oils kept under different 
storage temperatures in Day 4 and Month 3 can be observed in Figure 6.15 and Figure 
6.16, respectively, and these data also show this effect. This shows that polymerisation 
is accelerated by higher temperatures. In addition, it can be noticed that the 
chromatogram of the bio-oil at Day 0 and the 5 ºC bio-oil at Day 4 in Figure 6.15 are 
very similar as the low temperature storage suppresses the polymerisation. A slight 
polymerisation in the bio-oil stored at 5 ºC, however, can be observed in Figure 6.13.  
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Figure 6.13 SEC chromatograms of beech wood bio-oil stored at 5 ºC with N2 
headspace over three months. All chromatograms are area-normalised. The bio-oil was 
produced in the GK setup with a temperature of 500 °C and a He gas flow of 0.14 
L/min. 
 
 
Figure 6.14 SEC chromatograms of beech wood bio-oil stored at 40 ºC with N2 
headspace over three months. All chromatograms are area-normalised. The bio-oil was 
produced in the GK setup with a temperature of 500 °C and a He gas flow of 0.14 
L/min. 
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Figure 6.15 SEC chromatograms of beech wood bio-oils stored at different storage 
conditions after four-day storage. All chromatograms are area-normalised. The bio-oils 
were produced in the GK setup with a temperature of 500 °C and a He gas flow of 0.14 
L/min. 
 
 
Figure 6.16 SEC chromatograms of beech wood bio-oils stored at different storage 
conditions after three-month storage. The bio-oils were produced in the GK setup with 
a temperature of 500 °C and a He gas flow of 0.14 L/min. 
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Figure 6.17 SEC chromatograms of rice husk bio-oils stored at different storage 
conditions after one-week storage. All chromatograms are area-normalised. The bio-
oils were produced in the GK setup with a temperature of 500 °C and a He gas flow of 
0.14 L/min. 
 
 
Figure 6.18 SEC chromatograms of rice husk bio-oils stored at different storage 
conditions after three-month storage. All chromatograms are area-normalised. The bio-
oils were produced in the GK setup with a temperature of 500 °C and a He gas flow of 
0.14 L/min. 
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SEC chromatograms of rice husk bio-oils kept under different storage temperatures in 
Week 1 and Month 3, shown in Figure 6.17 and Figure 6.18, are in agreement with the 
above discussion. Except that the polymerisation favours formation of molecules in the 
excluded region rather than at 690 u peak specifically.  
 
6.2.2 Fourier transform infrared spectroscopy 
FT-IR spectra of beech wood bio-oils stored at 5 ºC and 40 ºC are shown in Figure 6.19 
and Figure 6.20, respectively. Compared among the FT-IR spectra of beech wood bio-
oils stored at 5 ºC (Figure 6.19), laboratory ambient temperature (Figure 6.3) and 40 ºC 
(Figure 6.20), it can be observed that even though spectral changes under all storage 
temperatures are not dramatic, the degree of change intensifies with increasing 
temperature.  
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6.2.3 UV-fluorescence spectroscopy 
Synchronous UV-F spectra of beech wood bio-oils kept under nitrogen at different 
storage conditions at Day 4 and Month 3 are shown in Figure 6.21 and Figure 6.22. 
After 4 days, the 312 nm peak from all different temperature storage conditions shows a 
reduction in intensity: the change of the 5 ºC bio-oil is less than that of the 40 ºC bio-
oil. That means high temperature accelerates UV-F spectral changes. A slight 
difference between the bio-oil at Day 0 and the 5 °C bio-oil at Day 4 (Figure 6.21) 
indicates that changes occur even with the sample stored at low temperature. Similar 
phenomenon can also be observed in rice husk bio-oils as shown in Figure 6.23 and 
Figure 6.24. To summarise, spectral changes of bio-oils stored at all temperatures 
undergo alterations in the same qualitative way but changes are more marked with 
higher storage temperatures.   
 
 
Figure 6.21 Synchronous UV-F spectra of beech wood bio-oils stored at different 
storage conditions after four-day storage. All spectra are height-normalised. The bio-
oils were produced in the GK setup with a temperature of 500 °C and a He gas flow of 
0.14 L/min. 
 
0
0.2
0.4
0.6
0.8
1
1.2
254 304 354 404 454 504 554
Si
gn
al
 (n
or
m
al
is
ed
)
Wavelength (nm)
Day 0
Day 4 - 5 °C under N2
Day 4 - Lab temperature under N2
Day 4 - Lab temperature in air
Day 4 - 40 °C under N2
A
B C
128 
 
 
Figure 6.22 Synchronous UV-F spectra of beech wood bio-oils stored at different 
storage conditions after three-month storage. All spectra are height-normalised. The 
bio-oils were produced in the GK setup with a temperature of 500 °C and a He gas flow 
of 0.14 L/min. 
 
 
Figure 6.23 Synchronous UV-F spectra of rice wood bio-oils stored at different storage 
conditions after three-day storage. All spectra are height-normalised. The bio-oils were 
produced in the GK setup with a temperature of 500 °C and a He gas flow of 0.14 
L/min. 
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Figure 6.24 Synchronous UV-F spectra of rice wood bio-oil stored at different storage 
conditions after three-month storage. All spectra are height-normalised. The bio-oils 
were produced in the GK setup with a temperature of 500 °C and a He gas flow of 0.14 
L/min. 
 
6.2.5 Summary 
It has been observed that temperature accelerates the bio-oil ageing process. Results 
from SEC and UV-F indicate that polymerisation is significantly enhanced by high 
temperatures, although the development of larger molecules can also be observed in the 
bio-oils stored at a relatively low temperature. Changes in functional groups observed 
by FT-IR were also observed more markedly with increasing storage temperature.  
 
6.3 Effect of storage atmosphere on bio-oil structures 
6.3.1 Size exclusion chromatography 
SEC chromatograms of beech wood bio-oils stored with nitrogen headspace and air 
headspace are shown in Figure 6.15 and Figure 6.16. No significant difference between 
the chromatograms can be observed. This probably suggests that air oxidation does not 
significantly promote polymerisation.  No effect of air environment can be found in rice 
husk bio-oils, as shown in Figure 6.17 and Figure 6.18, either. This is also supported by 
0
0.2
0.4
0.6
0.8
1
1.2
254 304 354 404 454 504 554
Si
gn
al
 (n
or
m
al
is
ed
)
Wavelength (nm)
Day 0
Month 3 - 5 °C under N2
Month 3 - Lab temperature under N2
Month 3 - Lab temperature in air
Month 3 - 40 °C under N2
A
B C
130 
 
a study stating that the difference in viscosity and water content of bio-oils with and 
without nitrogen in the headspace is negligible [93].  
 
6.3.2 Fourier transform infrared spectroscopy 
It was expected that oxygen in air would promote the production of carboxylic acids 
due to the oxidation reaction between air and alcohols or aldehydes. However, even 
though the increase in the carbonyl peak at 1,710 cm-1 in Figure 6.25 is supposedly due 
to the increase of carboxylic acids or esters as previously discussed in section 6.1.2, the 
bio-oils from both storage atmospheres show this increase and no significant 
differences can be found between the nitrogen-headspace and oxygen-headspace bio-
oils. Therefore, it appears that the atmosphere in the headspace does not seem to alter 
the extent of ageing. 
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a) 
 
b) 
 
Figure 6.25 Absorbance intensity corresponding to the peaks in FT-IR spectra of beech 
wood bio-oils stored under N2 (a) and in air (b). The bio-oils were produced in the GK 
setup with a temperature of 500 °C and a He gas flow of 0.14 L/min. 
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6.3.3 UV-fluorescence spectroscopy 
UV-F spectra of beech wood bio-oils with nitrogen and air headspace can be observed 
in Figure 6.21 and Figure 6.22. No meaningful distinction in UV-F spectra of beech 
wood bio-oils under these two storage atmosphere can be observed. This probably 
suggests that oxygen in air does not significantly affect aromatic chromophores during 
bio-oil ageing. Likewise, no effect of atmosphere can be found in rice husk bio-oils, as 
shown in Figure 6.23 and Figure 6.24, either. 
   
In fluorescence chemistry, one of the fluorescence quenchers is dissolved oxygen [73]. 
Some of the compounds are affected by the oxygen quenching and some are not, for 
example, oxygen has no effect on the fluorescence of pyrene while a threefold 
fluorescence intensity decrease of toluene was noted [73]. In this aspect, as no 
significant difference between the bio-oil kept under nitrogen and in air, it possibly 
indicates that the beech wood and rice husk bio-oils are not prone to the oxygen 
quenching.      
 
6.3.4 Summary 
Oxygen in air does not seem to affect the ageing of bio-oil. No significant contribution 
from the oxygen in air could be observed in SEC and UV-F results. According to the 
UV-F results, in addition to the aspect of polymerisation reactions, this also suggests 
that chromophores in bio-oils are not prone to the oxygen quenching. Functional groups 
of bio-oils, in addition, do not appear to alter according to FT-IR results.  
 
6.4  Conclusions 
Polymerisation plays an important role in bio-oil ageing while only a slight change in 
the types of functional groups was observed. UV-F results probably suggest that 
phenolic resins formation is one of the polymerisation reactions occurring in the bio-oil. 
High temperatures promote the extent of polymerisation whereas it can also be 
observed in the bio-oil stored at a low temperature. The presence of oxygen in air does 
not appear to be involved in the ageing processes of the bio-oil investigated.  
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Chapter 7 Effect of Solvent Addition on Changes in Ageing of 
Bio-oils 
7.  
Owing to the instability and ageing of bio-oil during storage, research in improving the 
bio-oil characteristics has received much attention, as outlined in Section 2.6. One of 
the attempts to overcome these issues is adding polar organic solvents as stabilisers for 
pyrolysis oils [5-7, 63]. A few previous studies have investigated the effect of organic 
solvents [5-7, 63] but most work has concerned physical changes, especially viscosity. 
This chapter aims to improve understanding of the effect of solvent addition from the 
viewpoint of chemical transformations affecting the bio-oil.   
 
The effect of two organic solvents, namely methanol and acetone, on beech wood bio-
oil was studied. The bio-oils were produced using the Gray-King pyrolysis setup and 
then mixtures of different volume percentages of the bio-oil with methanol and acetone 
were prepared: 0, 10, 33 and 50 % v/v methanol and acetone, respectively. The bio-oil 
mixtures were stored at the laboratory ambient temperature, unless otherwise stated, 
with N2 bubbled through the sample to yield a headspace purged with nitrogen. The 
samples were characterised at intervals during the storage time. Four analytical 
techniques were used to elucidate changes occurring in the bio-oil mixtures: size 
exclusion chromatography (SEC), Fourier transform infrared spectrometer (FT-IR), 13C 
nuclear magnetic resonance (13C-NMR) and UV-fluorescence spectroscopy (UV-F).    
 
7.1 Effect of methanol addition 
7.1.1 Size exclusion chromatography 
SEC chromatograms of the beech wood bio-oils with different methanol concentrations 
after production (fresh samples, Day 0) and after 4 weeks are shown in Figure 7.1 and 
Figure 7.2, respectively. The excluded region can be observed at approximately 10-14 
mins while the retained region appears at approximately 17-25 mins. Due to the 
uncertain behaviour of the excluded peaks as previously mentioned in Section 3.4.1, the 
discussion of SEC chromatograms in this chapter is mostly based on the retained peak 
characteristics.  
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Similar to the SEC chromatograms of neat beech wood bio-oils shown in Chapter 6, 
SEC chromatograms of bio-oil/methanol samples immediately after production (fresh 
samples, Day 0) in Figure 7.1 show one main peak with three shoulders in the retained 
region, at around 19.8, 20.8 and 21.5 min, which correspond to masses of 
approximately 690 u, 340 u and 250 u, respectively. It can be seen that SEC 
chromatograms of these bio-oils were not changed by methanol addition. This is due to 
the fact that methanol is not “seen” by the detector using UV absorbance set at 270 nm. 
The SEC chromatograms, thus, represent only the detectable part, i.e. bio-oil fraction of 
the bio-oil/methanol samples.  
 
SEC chromatograms of the bio-oil/methanol samples after four-week storage are 
presented in Figure 7.2. With decreasing methanol concentration, the intensity of both 
340 u and 250 u peaks decreases while the intensity of 690 u peak increases. This 
shows that the methanol addition affects the molecular size distribution of the bio-oil-
methanol samples, or in the other words, it has a positive effect, avoiding the 
polymerisation process that occurs during bio-oil ageing. 
 
The methanol addition would affect the bio-oils by two following mechanisms: 
1) Dilution effect. Components in the bio-oils are diluted with the addition of 
methanol. In addition, the dilution would disturb any reactions which methanol is 
not involved but which take places in the bio-oils. The rate of reaction would 
therefore be reduced because of the dilution of components which have tendency to 
undergo reactions, especially polymerisation. 
2) Chemical reaction. Methanol can directly react with components in the bio-oils.  
 
Owing to the fact that methanol was not seen by the detector and the chromatograms 
are area-normalised, methanol is not shown in the chromatograms for bio-oils, even 
when present. The effect of methanol addition on the decrease of polymerisation rate 
can also be observed with increasing methanol concentrations: the reduction rates of the 
340 u and 250 u peaks with 10 % v/v methanol are faster than those with 50 % v/v 
methanol. As discussed above, dilution reduces polymerisation owing to the fact that 
the concentrations of polymerisation-precursor materials diminish. As for the chemical 
reaction aspect, methanol is likely to disturb the reaction equilibrium of reactions in 
bio-oil mixtures, especially polymerisation. For example, methanol probably limits the 
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extent of aldehyde polymerisation, through the hemiacetal/acetal formation, where 
methanol competes to react with the aldehydes in the presence of acid. It has also been 
reported by gas chromatography that a significant amount of acetals was detected after 
alcohol addition [64]. The detail of these reactions is reviewed in Section 2.5.  
 
 
Figure 7.1 SEC chromatograms of beech wood bio-oils with different methanol 
concentrations after production (fresh samples). All chromatograms are area-
normalised. The bio-oils were produced in the GK setup with a temperature of 500 °C 
and a He flow of 0.14 L/min. 
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Figure 7.2 SEC chromatograms of beech wood bio-oils with different methanol 
concentrations after four-week storage. All chromatograms are area-normalised. The 
bio-oils were produced in the GK setup with a temperature of 500 °C and a He flow of 
0.14 L/min. 
 
 
Figure 7.3 SEC chromatograms of beech wood bio-oil with 10 % v/v methanol over 
four weeks. All chromatograms are area-normalised. The bio-oil was produced in the 
GK setup with a temperature of 500 °C and a He flow of 0.14 L/min. 
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Figure 7.4 SEC chromatograms of beech wood bio-oil with 50 % v/v methanol over 
four weeks. All chromatograms are area-normalised. The bio-oil was produced in the 
GK setup with a temperature of 500 °C and a He flow of 0.14 L/min. 
 
7.1.2 Fourier transform infrared spectroscopy 
The FT-IR spectra of neat bio-oils have previously been discussed in Chapter 6. 
Variations in spectra over time and with the addition of methanol are discussed here. 
 
Spectra of the bio-oil/methanol mixtures exhibit 4 dominant peaks due to the presence 
of methanol. The 2,950 cm-1 and 2,835 cm-1 peaks are derived from the stretching of  
C-H bonds (asymmetrical and symmetrical, respectively) and the 1,020 cm-1 peak 
represents the C-O-H stretching. The 3,390 cm-1 peak is derived from the O-H 
stretching of not only methanol but also carboxylic acids and water, especially the latter 
which seems to significantly dominate the signal. To demonstrate the effect of 
methanol in the bio-oil/methanol mixtures, spectra of methanol, 50 % v/v methanol bio-
oil and neat bio-oil are compared in Figure 7.5. It can be seen in Figure 7.6a that the 
intensity of these methanol-related peaks is relative to the amount of methanol in the 
mixture: the intensity of these peaks increases with increasing methanol concentration.  
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1) Transesterification can take place in the mixture to some extent, but it should not 
contribute to spectral changes due to the similarity of the functional group of 
reactants and products involved in the reaction: the transesterification reaction is 
only the exchange of the organic group of esters with that of alcohols (outlined in 
Section 2.5) 
2) As regards to esterification, the C-O-C/C-O-H stretching of carboxylic acids and 
esters would not be much different. Note that it is not straightforward to monitor 
the extent of esterification from the 3,390 cm-1 peak where methanol, carboxylic 
acids and water show signals for their O-H stretching. Changes to the spectra are 
due to a number of conflicting effects.   
 
The intensity of 1,515 cm-1 peak due to the aromatic structure also appears to be 
unchanged over time as was the case with the neat bio-oils in Section 6.1.2. This 
suggests that the basic aromatic structure is not altered during the ageing process. 
 
7.1.3 13C Nuclear magnetic resonance spectroscopy 
To further investigate the change in chemical composition due to the methanol addition, 
13C-NMR spectra of the bio-oil with 50 % v/v methanol kept at 40 °C under nitrogen 
were obtained to compare with that of the newly-produced sample. Signals from 
DMSO and DSS were also excluded from the spectrum integration as the NMR results 
presented in Section 6.1.3. However, with the addition of methanol, the data processing 
to enable interpretation is not straightforward since methanol gives strong signals and 
there are products from the reactions between the bio-oil and methanol. To facilitate the 
understanding of the processes happening in the bio-oil/methanol mixtures, a schematic 
of mixture compositions is presented in Figure 7.8. 
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Figure 7.8 Schematic of fractions in bio-oil/solvent mixtures before and after the 
addition of organic solvent 
 
The original sample is referred to as stage (0) in Figure 7.8. Bio-oil samples are shown 
as comprising two groups of components, namely those which do not react with 
methanol and those which react with methanol. After methanol addition, the latter 
group reacts with some fraction of methanol and results in a fraction which is 
composed of products of reactions, namely fraction (b). Two ways of data processing 
were considered: 
 
Method 1 All signals including the signals from methanol were integrated according to 
the chemical shift ranges. The overall calculated carbon is based on all signals of the 
bio-oil/methanol mixtures (referred to as fractions (a), (b) and (c) in Figure 7.8). 
Method 2 All signals except the signals from methanol were integrated according to the 
chemical shift ranges: signals at 52-50 ppm were excluded in the bio-oil/methanol 
mixture. The overall carbon percentage is based on only the bio-oil and products from 
reactions between bio-oil and methanol (fractions (a) and (b) in Figure 7.8). The 
advantages and disadvantages of each method are discussed below. 
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Figure 7.9 Percentage of carbon contained in the bio-oil/methanol mixtures after 
methanol addition over two months, i.e. stage (0), stage (1), stage (2) and stage (3), 
according to chemical shift classification. DMSO was excluded from calculation 
(Method 1). The bio-oils were produced in the GK setup with a temperature of 500 °C 
and a He flow of 0.14 L/min. 
 
Figure 7.9 shows changes of the 50 % v/v methanol mixture over a two-month period 
compared to the fresh neat bio-oil. The spectrum data were processed based on Method 
1. The increase in the 108-55 ppm and the decrease in the 55-28 ppm observed among 
50% v/v sample over two months show the formation of hemiacetals/acetals and the 
consumption of methanol. An example of hemiacetal/acetal reactions is shown in 
Figure 7.10, with the chemical shift of related components in the reactions. 
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Figure 7.10 Example of hemiacetal formation (top) and acetal formation (bottom). 
Numbers provided represent the chemical shift of each carbon obtained from the NMR 
database [89]. 
 
Regarding esters and carboxylic acids, the methanol addition unquestionably has an 
effect on the equilibria of esterification and transesterification. The carbon percentage 
of esters and carboxylic acids (180-165 ppm), however, shows negligible changes.  
This is due to the similarity of the chemical shift of the components involved in the 
reactions shown as an example in Figure 7.11.  
 
 
 
Figure 7.11 Example of esterification (top) and transesterification (bottom). Numbers 
provided represents the chemical shift of each carbon obtained from the NMR database 
[89]. 
 
Even though Method 1 could represent the development of the samples after methanol 
addition, namely stage (1), stage (2) and stage (3) from Figure 7.8, the totality of the 
observed signal accounts for not only bio-oil but also methanol. Two issues arise from 
this: 
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1) Methanol is volatile. Even though the bio-oil/methanol samples were stored in 
sealed vials, some amount of methanol could escape during the study period due to 
its volatile nature coupled with an elevated temperature storage condition (40 °C). 
If a significant amount of methanol were lost during storage, methanol signals 
would be dramatically underestimated; thus distorting the results. Hence, care was 
taken to minimise loss of methanol by evaporation. It was found to be negligible 
under the conditions employed. 
2) Method 1 does not present the immediate change in other constituents due to the 
addition of methanol. Method 2, in which the solvent is excluded from the analysis, 
is considered to give a better comparison of the mixture before and after solvent 
addition. However, a note to keep in mind is that results are still slightly distorted 
due to the overall change in volume with reaction and the loss of solvent through 
reactions. 
 
 
Figure 7.12 Percentage of carbon in the bio-oil/methanol mixtures before and after 
methanol addition, i.e. stage (0) and stage (1), according to chemical shift classification. 
DMSO and methanol were excluded from calculation (Method 2). The bio-oils were 
produced in the GK setup with a temperature of 500 °C and a He flow of 0.14 L/min. 
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fresh samples between the neat bio-oil and the 50 % v/v methanol sample, it can be 
seen that the carbon percentage in the range of 108-55 ppm significantly increases after 
methanol addition. This suggests the increase of species containing C-O bonds which is 
also very likely due to the formation of hemiacetals/acetals.  
 
Also, according to Figure 7.12, there is also an increase of carbon percentage in the 55-
28 ppm. This is probably due to the newly formed C-O bond in the acetal molecule, e.g. 
48.29 ppm as in Figure 7.10. The decrease of ketone/aldehyde group (230-180 ppm) is 
also shown and should be due to the consumption of ketone/aldehyde in 
hemiacetal/acetal formation. However, the decrease of the values here can also 
contribute to an artefact of data processing: fraction (b) is likely to increase after 
methanol addition which causes ‘dilution’ of the other signals (as shown in Figure 7.8). 
The reduction in the percentage of other species after methanol addition seems to have 
been altered by this data processing as well.   
 
In summary, NMR results show the increase of hemiacetals/acetals with the addition of 
methanol. The formation of hemiacetals/acetals undergoes through the reaction 
between aldehydes/ketone in the bio-oil and methanol.   
 
7.1.4 UV-fluorescence spectroscopy 
Figure 7.13 and Figure 7.14 show synchronous UV-F spectra of beech wood bio-oils 
with different methanol concentrations after production (fresh samples, Day 0) and 
after four-week storage, respectively. Similar to the UV-F spectra of neat beech wood 
bio-oil samples shown in Chapter 6, three main peaks, which are likely to represent 
small aromatic chromophores, are observed: 260-295 nm (peak A), 295-325 nm (peak 
B) and 340-390 nm (peak C). However, peak A is derived not only from NMP solvent 
but also bio-oils. This point was validated by analysing the bio-oil samples in methanol. 
It seems that peak A was significantly dominated by the NMP; therefore, all the 
discussion of UV-F spectra in this chapter is based on peak B and peak C only.  
 
It can be seen that the UV-F spectra of the bio-oil/methanol mixtures after production 
(Figure 7.13) are not changed with methanol concentration. This is, akin to the SEC 
results, due to the fact that the methanol does not fluoresce. The spectra, thus, only 
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reflect the chromophore structures of the bio-oil fraction in the bio-oil/methanol 
mixtures. However, Figure 7.14 shows that methanol is involved in the bio-oil ageing. 
This is because the UV-F spectra of the bio-oils, with different methanol 
concentrations, are altered after four-week storage time: peak B, or the intensity ratio of 
peak B to peak C, gradually decreases over time. It can also be observed in Figure 7.15 
and Figure 7.16 that the spectral changes decrease with increasing methanol 
concentration.  
 
Two effects would be expected from methanol addition, as mentioned earlier: dilution 
and chemical reaction. Despite the presence of methanol in the sample, this cannot be 
observed as shown in Figure 7.13 due to the inability to fluoresce of methanol as 
mentioned earlier. 
 
As for chemical factors affecting the chromophores in the bio-oil, the nature of 
chromophores and the storage conditions should be taken into account. The samples 
were kept under mild conditions (laboratory ambient temperature). It is unlikely that 
this condition would encourage any methanol-related reactions to cause any alteration 
to stable aromatic chromophores. Shifts and changes in the UV-F spectra of bio-
oil/methanol mixtures over time would be, hence, from the dilution effect towards the 
phenolic resin formation which has been explored by a set of UV-F runs of toluene and 
polystyrenes in Section 6.1.4. The lower concentration of reactants for phenolic resin 
formation due to methanol addition would decelerate the extent of reaction.  
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Figure 7.13 Synchronous UV-F spectra of beech wood bio-oils with different methanol 
concentrations after production (fresh samples). All spectra are height-normalised. The 
bio-oils were produced in the GK setup with a temperature of 500 °C and a He flow of 
0.14 L/min. 
 
 
Figure 7.14 Synchronous UV-F spectra of beech wood bio-oils with different methanol 
concentrations after four-week storage. All spectra are height-normalised. The bio-oils 
were produced in the GK setup with a temperature of 500 °C and a He flow of 0.14 
L/min. 
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Figure 7.15 Synchronous UV-F spectra of beech wood bio-oil with 10 % v/v methanol 
over four weeks. All spectra are height-normalised. The bio-oil was produced in the GK 
setup with a temperature of 500 °C and a He flow of 0.14 L/min. 
 
 
Figure 7.16 Synchronous UV-F spectra of beech wood bio-oil with 50 % v/v methanol 
over four weeks. All spectra are height-normalised. The bio-oil was produced in the GK 
setup with a temperature of 500 °C and a He flow of 0.14 L/min. 
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7.1.5 Summary 
Addition of methanol improves the bio-oil quality, especially by reducing the extent of 
polymerisation, i.e. aldehyde polymer and phenolic resin formations. SEC and UV-F 
results show that the extent of polymerisation decreases with increasing methanol 
concentrations. This improvement is as a result of the dilution effect and chemical 
reactions. The results from FT-IR and 13C-NMR are consistent with the formation of 
hemiacetals/acetals. Methanol is likely to disturb the reaction equilibrium in the bio-oil, 
i.e. it competes to react with the aldehydes in the presence of acid to form 
hemiacetals/acetals. This can cause a reduction in the extent of aldehyde polymerisation 
which is likely to take place in the bio-oil/methanol mixtures.  
 
7.2 Effect of acetone addition 
7.2.1 Size exclusion chromatography 
SEC chromatograms of the beech wood bio-oils with different acetone concentrations 
after production (fresh samples, Day 0) and after four-week storage are shown in Figure 
7.17 and Figure 7.18, respectively. The excluded region can be observed at 
approximately 10-14 mins while the retained region appears at approximately 17-25 
mins.  
 
SEC chromatograms of beech wood bio-oils in Figure 7.17 show three peaks in the 
retained region, at approximately 19.8, 20.8 and 21.5 min, which correspond to masses 
of approximately 690 u, 340 u and 250 u, respectively. It can be seen that SEC 
chromatograms of these bio-oil samples are insignificantly changed with acetone 
concentration, except for the small difference at the elution time of 23-24 min. This is 
due to the fact that acetone is slightly absorbing to the UV detector set at 270 nm. 
However, the chromatogram results are dominated by the bio-oil fraction, similar to 
those of the bio-oil/methanol samples.  
 
SEC chromatograms of the bio-oil/acetone samples after four-week storage are 
presented in Figure 7.18. With decreasing acetone concentration, the intensity of both 
151 
 
340 u and 250 u peaks decreases while the intensity of 690 peak increases. This shows 
that acetone affects the polymerisation process of bio-oil ageing.  
 
Similar to the bio-oil/methanol samples, acetone is also relatively invisible on the SEC 
chromatograms of bio-oil/acetone samples. However, the decrease of the 
polymerisation with increasing acetone concentration (as observed in Figure 7.18, 
Figure 7.19 and Figure 7.20) is likely due to the dilution effect, rather than chemical 
reactions, as most of the reactions involving acetone (reviewed in Section 2.5) appear to 
have an insignificant effect on the polymerisation reactions during bio-oil ageing.  
 
 
Figure 7.17 SEC chromatograms of beech wood bio-oils with different acetone 
concentrations after production (fresh samples). All chromatograms are area-
normalised. The bio-oils were produced in the GK setup with a temperature of 500 °C 
and a He flow of 0.14 L/min. 
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Figure 7.18 SEC chromatograms of beech wood bio-oils with different acetone 
concentrations after four-week storage. All chromatograms are area-normalised. The 
bio-oils were produced in the GK setup with a temperature of 500 °C and a He flow of 
0.14 L/min. 
 
 
Figure 7.19 SEC chromatograms of beech wood bio-oil with 10 % v/v acetone over 
four weeks. All chromatograms are area-normalised. The bio-oil was produced in the 
GK setup with a temperature of 500 °C and a He flow of 0.14 L/min. 
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Figure 7.20 SEC chromatograms of beech wood bio-oil with 50 % v/v acetone over 
four weeks. All spectra are height-normalised. The bio-oil was produced in the GK 
setup with a temperature of 500 °C and a He flow of 0.14 L/min. 
 
7.2.2 Fourier transform infrared spectroscopy 
FT-IR Spectra of the bio-oil/acetone mixtures exhibit 3 dominant peaks due to the 
presence of acetone. The 1,365 cm-1 peak is derived from the symmetric bending 
vibration of CH3 while 1,230 cm-1 peak is from the stretching and bending of C-CO-C. 
The peak at 1,700 cm-1 is owing to the C=O stretching of acetone, but note that the 
C=O bond of carboxylic acids, esters, ketones and aldehydes also present a peak at this 
wavenumber as well. To demonstrate the effect of acetone in the bio-oil/acetone 
mixtures, spectra of acetone, 50% acetone bio-oil and neat bio-oil are compared in 
Figure 7.21. It can be seen in Figure 7.22a that the intensity of these acetone-related 
peaks increases with increasing acetone concentration.  
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7.2.3 13C Nuclear magnetic resonance spectroscopy 
13C-NMR spectra of the bio-oil with 50 % v/v acetone kept at 40 °C under nitrogen 
were obtained to compare with that of the newly-produced sample. The data processing 
for the bio-oil/acetone mixtures was performed in the same manner as that for the bio-
oil/methanol mixtures, previously detailed in Section 7.1.3. As for the second method 
(referred to Method 2 in Section 7.1.3), signals at 210.5-209 ppm and 34-31.5 ppm 
which are derived from the presence of acetone were excluded from the spectrum 
integration.  
 
 
Figure 7.24 Percentage of carbon containing in the bio-oil/acetone mixtures after 
acetone addition over a two-month period, i.e. stage (0), stage (1), stage (2) and stage 
(3), according to chemical shift classification. DMSO was excluded from calculation 
(Method 1). The bio-oils were produced in the GK setup with a temperature of 500 °C 
and a He flow of 0.14 L/min. 
 
Figure 7.24 shows changes in the bio-oil/acetone mixtures over a two-month period 
based on Method 1. The increase in the 108-55 ppm and the decrease in the 55-28 ppm 
suggest the consumption of acetone to form hemiacetals/acetals. The chemical species 
in the shift ranges of 180-165 ppm, 165-129.5 ppm, and 129.5-108 ppm show an 
increase in their proportions over time. The increase in esters/carboxylic acids (180-165 
ppm) is probably a similar phenomenon to that taking place in the neat bio-oil ageing 
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where the increase of carboxylic acids was also observed (Section 6.1.3). As for 
aromatic constituents, they would not be altered due to the mild storage condition (40 
°C). Changes in the 165-129 ppm and 129.5-108 ppm are probably due to the effect of 
acetone on the double bond but it is not yet well understood. 
 
 
Figure 7.25 Percentage of carbon containing in the bio-oil/acetone mixtures before and 
after acetone addition, i.e. stage (0) and stage (1), according to chemical shift 
classification. DMSO and acetone were excluded from calculation (Method 2). The bio-
oils were produced in the GK setup with a temperature of 500 °C and a He flow of 0.14 
L/min. 
 
Figure 7.25 shows the carbon percentage in the bio-oil/acetone mixtures before and 
after acetone addition based on Method 2. The increase of carbon percentage in the 28-
0 ppm range is likely due to the change in chemical shift of methyl group of acetone, 
i.e. from 30.81 ppm to 24.00 ppm as an illustrated example in Figure 7.10. An increase 
in the carbon percentage at 108-55 ppm range would be expected to occur with an 
increase in the concentration of C-O bonds from the hemiacetal/acetal formation; 
however, this was not observed. Instead, the carbon percentage at this range appears to 
decrease. This is likely because the signal decrease from the loss of alcohol through the 
reaction outweighs the signal increase from the formation of hemiacetal/acetal. This 
line of reasoning is based on the fact that hemiacetals are not stable and, thus, the 
overall reaction would tend to yield acetals; each of which requires two alkyls from 
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alcohols. The increase of the carbon percentage at 55-28 ppm range also supports this 
phenomena as alkyl groups of alcohols tend to appear at the lower chemical shift range 
when they are in the acetal molecules (cf. 50.05 ppm as in methanol and 48.29 ppm as 
in acetal in Figure 7.10). 
 
7.2.4 UV-fluorescence spectroscopy 
Figure 7.26 and Figure 7.27 shows the UV-F spectra of beech wood bio-oils with 
different acetone concentrations after production (fresh samples, Day 0) and after four-
week storage, respectively. Similar to the UV-F spectra of neat beech wood bio-oils and 
bio-oil/methanol mixtures, three main peaks are observed at 260-295 nm (peak A), 295-
325 nm (peak B) and 340-390 nm (peak C).  It can be seen that UV-F spectra of the 
bio-oil/acetone mixtures after production (Figure 7.26) do not change with acetone 
concentration, as also observed in the bio-oil/methanol mixtures. This is because 
neither solvent fluoresces under the conditions used. Nevertheless, it can also be 
observed in Figure 7.28 and Figure 7.29 that the spectral changes decrease with 
increasing acetone concentration; hence, it implies that the presence of acetone affects 
the spectral changes over time. The explanation for the UV-F spectral changes is 
analogous to that outlined for the bio-oil/methanol mixtures in Section 7.1.4. The 
decrease of the intensity of peak B or the intensity ratio of peak B to peak C over time 
is mainly due to the fact that the phenolic resin formation was reduced by the dilution 
of the bio-oil by acetone.  
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Figure 7.26 Synchronous UV-F spectra of beech wood bio-oils with different 
concentrations after production (fresh samples). All spectra are height-normalised. The 
bio-oils were produced in the GK setup with a temperature of 500 °C and a He flow of 
0.14 L/min. 
 
 
Figure 7.27 Synchronous UV-F spectra of beech wood bio-oils with different 
concentrations after four-week storage. All spectra are height-normalised. The bio-oils 
were produced in the GK setup with a temperature of 500 °C and a He flow of 0.14 
L/min. 
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Figure 7.28 Synchronous UV-F spectra of beech wood bio-oil with 10 % v/v acetone 
over four weeks. All spectra are height-normalised. The bio-oil was produced in the GK 
setup with a temperature of 500 °C and a He flow of 0.14 L/min. 
 
 
Figure 7.29 Synchronous UV-F spectra of beech wood bio-oil with 50 % v/v acetone 
over four weeks. All spectra are height-normalised. The bio-oil was produced in the GK 
setup with a temperature of 500 °C and a He flow of 0.14 L/min. 
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7.2.5 Summary 
The addition of acetone demonstrates a reduction in polymerisation as observed from 
the SEC and UV-F results. In addition, the extent of polymerisation decreases with 
increasing acetone concentration. The decline in polymerisation is likely due to the 
dilution effect on polymerisation-precursor materials since most of the reactions 
involving acetone appear to make an insignificant effect on polymerisation reactions in 
the bio-oil ageing. However, other unidentified reactions consistent with an increase in 
double bond formation found in 13C-NMR results possibly occur and help to stabilise 
the bio-oil. FT-IR and 13C-NMR results also show the occurrence of the 
hemiacetal/acetal reactions in the bio-oil/acetone mixtures.   
 
7.3 Conclusions 
It has been found that the addition of methanol and acetone affects bio-oil ageing, 
especially the decrease in the degree of polymerisation. The effect of solvent addition 
on the polymerisation process can be explained by two factors: dilution effect and 
chemical reactions. Chemical reactions between the components in the bio-oil and 
solvents affect the chemical composition of the mixture. The main reaction which 
appears to diminish the polymerisation with the addition of methanol and acetone is the 
formation of hemiacetals/acetals.  
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Chapter 8 Comparison of Bio-oils from the Wire-mesh 
Reactor and Gray-King Retort 
8.  
It is recognised that reactor configuration is one of the main factors influencing the 
extent of secondary pyrolysis reactions and therefore product yields and compositions. 
This chapter aims to critically examine the fate of bio-oils that have experienced 
different degrees of secondary reactions by comparing the bio-oils obtained from the 
wire-mesh reactor (WMR) and the Gray-King retort (GK). The WMR bio-oils 
represents the oils produced when the extent of secondary reactions has been 
minimised, whereas the GK bio-oils were produced with a considerable extent of 
secondary reactions. The comparison of bio-oils derived from different reactor 
configurations is discussed based on their product yields and results obtained from size 
exclusion chromatography (SEC) and UV-fluorescence spectroscopy (UV-F).  
 
There are a few fundamental points to be considered when examining these two types 
of bio-oils due to dissimilarities derived from the reactor configurations and bio-oil 
collection methods. The differences in production methods between the WMR bio-oils 
and the GK bio-oils are summarised as follows: 
1) Reactor configuration.  In the wire-mesh reactor, the inert gas flow coupled with a 
well distributed monolayer of sample particles hinders the occurrence of inter-
particle secondary reactions. In the Gray-King setup, despite the introduction of an 
inert gas flow into the retort, the degree of secondary reactions would be more 
extensive because the sample forms a packed bed in the retort. This is due to that 
fact that volatiles evolving from the deeper layers of particles can react on 
downstream char particles.  
2) Methods of bio-oil collection. The WMR bio-oils were produced from a few 
milligrammes of biomass sample and the low mass of released tar was collected in 
a cooled trap. After each experiment, the trap was exposed to a slightly elevated 
temperature (35 °C) for 40 mins to remove condensed moisture from the outside of 
the trap. This procedure was performed to enable a gravimetric determination of 
bio-oil yield with careful control of the drying temperature to minimise loss of 
volatiles. In contrast, the Gray-King runs were done with larger amounts of 
biomass to produce sufficient material for studying the ageing of the bio-oils. The 
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collection of bio-oils could be done by simply pouring the bio-oils directly from 
the bio-oil trap (U-tube). This procedure maintained the bio-oils as ‘fresh’ as 
possible prior to the subsequent ageing study by avoiding possible chemical 
changes from solvents or ageing from the use of temperatures above ambient. The 
results from the WMR bio-oils, hence, represent the non-volatile heavy fraction 
which was not lost during the bio-oil collection whereas the whole GK bio-oils 
could be analysed.  
3) Particle size. The particle size of the biomass samples used for the wire-mesh 
reactor is in the range of 106-150 µm while the biomass samples were used as in 
their as-received size in the Gray-King experiments, e.g. rice husk as grains and 
beech wood as 3×3×1 mm3 pieces. The particle size governs the extent of the intra-
particle secondary reactions as discussed in Chapter 2. Hence, the intra-particle 
secondary reactions would be more extensive in the Gray-King runs compared with 
the wire-mesh runs. 
 
8.1 Effect of reactor configuration on bio-oil yields 
Figure 8.1 shows the bio-oil yields from rice husk and beech wood pyrolysis obtained 
using the wire-mesh reactor and the Gray-King setup at 500 °C. While the heating rate 
was precisely controlled in the wire-mesh reactor, it was not an adjustable parameter in 
the Gray-King setup as outlined in Section 3.3.1. The rate of temperature increase in the 
Gray-King setup ranges from less than 1 °C/s (when the sample temperature 
approached the set peak temperature) to 5 °C/s (at the beginning of the heating up 
period). Overall, especially in the temperature range of 200-500 °C where pyrolysis 
takes place, the heating rate of the GK runs is relatively comparable to the 1 °C/s of the 
WMR.  
 
Fundamentally, the bio-oil yields obtained from the WMR runs would be expected to 
exceed those from the GK runs primarily due to the absence of inter-particle secondary 
reactions. However, the rice husk data of 1 °C/s WMR and whole GK yields show 
contrary results at the first glance. This is a result of collecting the bio-oils in different 
ways: some light volatiles of the 1 °C/s WMR bio-oil were lost during the bio-oil 
collection procedure. To obtain a better comparison, the drying procedure used for the 
WMR bio-oils was applied to the GK bio-oils. The GK bio-oils were dried in the 35 °C 
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circulating oven for 40 mins, and then weighed to obtain the non-volatile weight. 
Comparison between the non-volatile GK and the 1 °C/s WMR yields of rice husk 
pyrolysis shows that the bio-oil yield from the wire-mesh reactor is higher than that 
from the Gray-King setup. This is due to the greater extent of secondary pyrolysis 
reactions, in the packed bed of the GK pyrolysis. For the beech wood, the yield data at 
1 °C/s from the WMR is not available, but all the available yield data from beech wood 
compared to the yield data from rice husk suggest that similar behaviour also occurs.  
 
 
Figure 8.1 Bio-oil yields of rice husk and beech wood produced in the WMR and the 
GK setup. Peak temperature: 500 °C. Note that ’GK, whole’ and ‘GK, non-volatile’ 
represent the bio-oil yields with and without drying procedure used for the WMR-
derived bio-oils, respectively. 
 
8.2 Effect of reactor configuration on the structural characteristics 
of the bio-oils 
Figure 8.2 shows SEC chromatograms of rice husk bio-oils produced from the wire-
mesh reactor compared to that from the Gray-King retort. It can be observed that the 
retained peak of the GK bio-oil appears at longer elution times and the excluded peak 
shows lower signal intensity, compared to the 1 °C/s WMR bio-oil. This suggests that 
the molecular size distribution of the GK bio-oil is narrower than that of the WMR bio-
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oils. This can be explained by a higher degree of secondary reactions involving tar 
cracking in the Gray-King apparatus. Due to the configuration of the Gray-King retort, 
inter-particle secondary reactions were promoted: the bio-oils were cracked into lighter 
molecules and also re-polymerised into secondary char when travelling through the hot 
packed sample zone. As mentioned above, inter-particle secondary reactions are 
suppressed in the WMR. It should be noted that not only the inter-particle secondary 
reactions contribute to the differences between these two bio-oils, but also the intra-
particle secondary reactions due to the larger biomass particle size in the GK runs. The 
particle size plays a role in the occurrence of intra-particle secondary reactions through 
the mechanism of heat transfer in biomass particle, i.e. heat transfer inside the particle 
is promoted by the use of finer biomass particles as discussed in Section 2.3.4. Intra-
particle secondary reactions in the GK runs, hence, are greater than those in the WMR 
runs. 
 
The other contribution to the molecular size distribution of the GK and WMR bio-oils 
is the loss of light volatiles during the collection of the WMR bio-oils. A similar 
behaviour was also observed with the beech wood bio-oils as shown in Figure 8.3. 
 
 
Figure 8.2 SEC chromatograms of rice husk bio-oil samples produced in the WMR and 
the GK setup. Peak temperature: 500 °C. All chromatograms are area-normalised. 
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Figure 8.3 SEC chromatograms of beech wood bio-oil samples produced in the WMR 
and the GK setup. Peak temperature: 500 °C. All chromatograms are area-normalised. 
 
Figure 8.4 shows synchronous UV-F spectra of rice husk bio-oils produced from the 
wire-mesh reactor compared to that from the Gray-King retort. As previously discussed 
in Section 4.2.3, the increase of the peak C to peak B ratio with decreasing heating rate 
(cf. 1,000 °C/s  and 1 °C/s  WMR bio-oils) probably suggest the greater extent of intra-
particle cracking of aromatic species. However, comparing spectra of the GK and the 1 
°C/s WMR bio-oil, the peak C to peak B ratio of the GK is clearly lower than the WMR 
bio-oils. This is likely to be caused by the greater extent of inter-particle secondary 
reactions in the Gray-King retort. The small chromophores (peak B) were probably 
formed through the cracking of the large chromophores (peak C) when evolving 
volatiles traverse through the high temperature reaction zone.  
 
Synchronous UV-F spectra of beech wood bio-oils are shown in Figure 8.5. It can be 
observed that although the bio-oil spectra from the two reactor configurations are not 
very different, the results are also consistent with the phenomenon observed in the rice 
husk bio-oils: the peak C to peak B ratio of GK bio-oil is lower than that of WMR bio-
oil. This shows that molecules with large chromophores are slightly more liable to 
survive in the wire-mesh reactor. 
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Figure 8.4 Synchronous UV-F spectra of rice husk bio-oil samples produced in the 
WMR and the GK setup. Peak temperature: 500 °C. All spectra are height-normalised. 
 
 
Figure 8.5 Synchronous UV-F spectra of beech wood bio-oil samples produced in the 
WMR and the GK setup. Peak temperature: 500 °C. All spectra are height-normalised. 
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8.3 Conclusions 
In addition to the operating pyrolysis conditions as outlined in Chapter 4, the features of 
the reactor also play an important part in determining the bio-oil characteristics. They 
can introduce inter-particle secondary reactions, i.e. cracking and secondary char 
formation, to the pyrolysis pathway. The occurrence of these secondary reactions 
causes a reduction on bio-oil yield and a decrease in bio-oil molecular size. The inter-
particle secondary reactions are likely to take place if the primary evolving volatiles 
remain in the proximity of bio-chars at high temperatures. Thus, the configuration of 
reactor should be taken into consideration when designing laboratory-scale tests to suit 
the purpose of the study or when interpreting results from different reactor types or 
various research groups.  
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Chapter 9 Conclusions and Recommendations for Future 
Work 
 
There were two key objectives to be achieved in this study: 1) to obtain a better 
understanding of the effect of pyrolysis operating conditions on product distributions; 
2) to investigate the feasibility of solvent addition to improve the bio-oil stability and 
quality. In Chapter 4 and Chapter 5, the impact of pyrolysis operating conditions on 
bio-oils and bio-chars has been studied with the use of the wire-mesh reactor and 
analytical techniques. Chapter 6 addresses the unstable characteristic of bio-oils by 
investigating their ageing behaviour using several analytical methods to improve our 
understanding of the bio-oil ageing process. Chapter 7, then, explores the use of organic 
solvent addition to improve the bio-oil quality and understand the interactions between 
added organic solvents and components in bio-oils. Chapter 8 provides a 
comprehensive view on the impact of the reactor configuration on the bio-oil yields and 
molecular structures. This chapter provides concluding remarks on the achievements of 
the study, followed by implications of the research for biomass pyrolysis and the 
applications of solvent addition as an upgrading process. Finally, recommendations for 
future work are outlined.  
 
9.1 Concluding remarks 
9.1.1  Pyrolysis operating parameters  
Temperature: The temperature required to pyrolyse lignocellulosic biomass depends 
on the decomposition temperatures of main components in the biomass, namely 
cellulose, hemicellulose and lignin. The study shows that a relatively low temperature, 
e.g. 350 °C, does not allow achieving complete pyrolysis for either of the two samples 
used in the study. Maximum bio-oil yields were obtained at 500 °C for both rice husk 
and beech wood. At higher temperatures, WMR results suggest that bio-oils are likely 
to be cracked and re-arranged. This was not observed during studies with coal with the 
same reactor configuration [82]; hence, it is thought to be a consequence of the more 
reactive nature of the bio-oils. From the viewpoint of bio-char production, high 
temperatures, e.g. 700 °C and 850 °C, results in the reduction of char reactivity through 
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the mechanism of thermal annealing, i.e. chars are re-ordered to yield a less reactive 
structure.  
 
Heating rate: Fast heating encourages the build-up of internal pressure in the particles 
as well as melting of the cell structure. This leads to explosive ejection of volatiles and 
causes a char structure with more porosity; thereby reducing the residence time of 
volatiles inside the particles. Due to the lower extent of intra-particle secondary 
reactions, bio-oils produced at high heating rates have higher yield and contain larger 
molecules than those produced at low heating rates. Chars produced at high heating 
rates represent a more reactive residue in the combustion reactivity test due to greater 
porosity which allows more effective diffusion of oxygen during the test.  
 
Holding time: To undergo complete pyrolysis, a sufficient exposure time of the 
biomass particles to the peak pyrolysis temperature is required. Long exposure time, 
however, results in the diminution of char reactivity owing to thermal annealing, the 
same phenomenon observed in chars exposed to high temperatures, e.g. 700 °C and 850 
°C. Bio-oil yields seem to level off once the release of volatiles is complete; however, 
some structural alteration and re-arrangement appear to take place to some extent. This 
is likely due to the bio-oil reactive nature coupled with long exposure of the bio-oils in 
the bio-oil trap to elevated temperatures.  
 
Reactor configuration: The comparison of bio-oils from the wire-mesh reactor and the 
Gray-King setup demonstrates that reactor configuration contributes to the variations in 
yields and structural properties of the bio-oils. The wire-mesh reactor was designed to 
minimise the extent of secondary reactions, i.e. both intra- and inter- particle reactions, 
while a greater extent of secondary reactions occurred in the Gray-King setup due to 
the packed arrangement of the sample. These secondary reactions cause a reduction on 
bio-oil yield and a decrease in bio-oil molecular size. This shows the necessity for 
awareness, preferably at the design stage, of the impact of reactor design on product 
distributions. Such awareness facilitates achieving the aim of particular studies as well 
as helps interpret results obtained from literature.  
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9.1.2 Bio-oil ageing  
Polymerisation appears to play a major role in bio-oil ageing process. Consistent with 
previous studies observing on changes in the viscosity of bio-oils over a prolonged 
storage time, SEC results in this study showed that bio-oils developed larger molecular 
sizes over time. Synchronous UV-F spectra of bio-oils over time suggest the formation 
of phenolic resins by the polymerisation of aromatic chromophores. This is supported 
by the fluorescence phenomenon of toluene and polystyrene standards. High 
temperature storage increases the extent of polymerisation although it also occurred 
with the bio-oil stored at a low temperature, i.e. 5 °C, but at a lower rate. The presence 
of oxygen does not appear to show a significant impact on the ageing of the bio-oil. In 
terms of functional groups in the bio-oil, i.e. carboxylic acids, aldehydes, etc., NMR 
and FT-IR results indicated that some changes had occurred during the ageing of bio-oil 
but not to a significant extent. 
 
9.1.3 Addition of organic solvent into bio-oil   
The addition of methanol and acetone into the bio-oil appears to influence the bio-oil 
ageing through two mechanisms, i.e. by dilution and by chemical reaction. SEC and 
UV-F results suggest that the extent of polymerisation during storage decreased with 
the addition of both solvents. Changes in functional groups with the presence of 
methanol and acetone over time are likely to indicate the occurrence of 
hemiacetal/acetal formation. To summarise, changes observed in the present study and 
in the literature on the possible reactions suggest that methanol affects the bio-oil 
ageing behaviour through the mechanisms of dilution and chemical reactions whilst 
acetone probably diminishes the extent of polymerisation solely through dilution.  
 
9.2 Implications for biomass pyrolysis and bio-oil upgrading by 
solvent addition 
The pyrolysis operating conditions have dramatic effects on yields and properties of 
pyrolysis products, especially bio-oils. The operating conditions, including the reactor 
configuration, should be carefully considered to obtain the desired properties of the 
products. The pyrolysis behaviour, moreover, appears to demonstrate some slight 
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variation among different types of biomass due to the dissimilarity of biomasses with 
regards to the proportions of different lignocellulosic species. To emphasise this fact, 
the dissimilarity of biomass compositions can also be observed with the same type of 
biomass produced from different sites. Information on pyrolysis of individual biomass 
components, especially lignin, which exhibits a complex structure and behaviour, as 
well as on the effect of inorganic content would help to move this research area 
forward. Nevertheless, this is not as straightforward as it sounds since the pyrolysis 
yield of the overall biomass does not correlate well with what would be expected from 
the pyrolysis yields of the different biomass components [94]. This is due to the 
synergistic behaviour among the biomass make-ups. 
 
Although bio-oils have been utilised as alternative fuels to petroleum-derived liquid 
fuels in a few heat and power applications as outlined in Section 2.7, it is necessary to 
upgrade these fuels due to their inferior characteristics. The addition of organic solvent 
which was investigated in this study demonstrates a positive step resolving the bio-oil 
ageing problem, especially the reduction of polymerisation reactions during storage. 
This method would lessen the polymerisation-related issues, i.e. plugging in the fuel 
lines and atomisers in fuel engines caused by tarry bio-oil formation during 
atomisation. This practice, however, does not maintain the bio-oil at its original 
composition due to the chemical reactions between bio-oil and solvent: the distribution 
of chemical components in the bio-oil depends on the reaction equilibrium in the bio-
oil/solvent mixtures. The organic solvent to be added to the bio-oil should be a polar 
organic solvent so that it is miscible with the bio-oil. On the other hand, the 
introduction of a polar organic solvent, especially an oxygen-containing organic 
solvent, into the bio-oil would result in an increase in oxygen content in the bio-oil 
mixture and a reduction in the heating value of the bio-oils. Solvent addition, thus, 
appears to be suitable for improving the bio-oil and this is economic for the use of low-
speed engines, i.e. boilers, turbines, rather than as a substitute to transportation fuels. 
The preference for the organic solvent to be used probably depends on the economic 
basis. In terms of advancement towards renewable energy, bio-oils with alcohol 
addition would promote the use of renewable resources if the alcohol production is also 
based on biomass, i.e. first generation- or second generation- derived bio-alcohol, the 
latter of which is more preferable. 
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9.3 Recommendations for future work 
Suggestions for future work are: 
 
The pyrolysis behaviour would be better understood if a wider range of data from other 
biomasses is obtained. In addition, further work on pyrolysis of lignin, which is of 
complexity in structure and behaviour, would also help elucidate pyrolysis behaviour. 
 
The slight variation of pyrolysis behaviour between rice husk and beech wood is most 
likely due to the role of ash content. The investigation of the influence of inorganic 
compounds in the biomass on pyrolysis behaviour as well as the effect of volatile 
inorganic metal on the bio-oil would give a better understanding of this phenomenon.  
 
Changes of functional groups during bio-oil ageing were observed by FT-IR and NMR. 
Although the information from these analytical techniques appears to be helpful for this 
study, the interpretation of results is not straightforward due to a large number of 
compounds in the bio-oil. The determination of some functional groups can be 
performed by reactions. For example, the content of carbonyl groups can be determined 
via the oximation reaction which is specific only to aldehydes and ketones. This will 
give a better view on the reaction scheme of the functional groups during bio-oil 
ageing.  
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Appendix 
A.  
A.1 Training with the wire-mesh reactor  
Extensive training is necessary for all wire-mesh reactor operators. The training is 
composed of two stages. Firstly, pyrolysis experiments with the atmospheric wire-mesh 
reactor are conducted on a coal at certain conditions, shown in Table A.1. This allows 
operators to familiarise with the experimental procedure until repeatable results are 
obtained. The results have to have less than ±1% variability in total volatile yield and a 
variability of less than ±1.5% in tar yield to be acceptable. For this purpose, a sample of 
Daw Mill coal, previously sealed in a nitrogen environment and stored in the fridge was 
used. The second part of the training consists of experiments conducted on a standard 
coal, Linby coal, under the same conditions as the first stage, until the results are in 
good agreement with those from previous operators.  
 
Table A.1 Operating parameters for training with the wire-mesh reactor 
 
Operating parameter Value 
Heating rate, °C/s 1,000 
Peak temperature, °C 700 
Holding time period, s 30 
Type of sweep gas He 
Sweep gas velocity, m/s 0.1 
Pressure, bar Atmospheric operation 
Voltage at the beginning of the heating stage, V 2 
Voltage at the beginning of the holding period, V 2 
 
Training data with Linby coal from all operators, including the training in the present 
work, are tabulated in Table A.2. According to Table A.2, total volatile and tar yields 
over the twenty-year period are reasonably consistent; however, with a slightly 
downward trend over the time. Hence, further investigation by conducting another five 
pyrolysis experiments with another batch of Linby coal was carried out to see whether 
the decrease in volatile and tar yields is due to errors in individual procedure or sample 
ageing. 
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Table A.2 Training results with Linby coal from all wire-mesh reactor operators in this 
group 
 
 Operator Thesis Year TV (% wt DAF) Tar (% wt DAF) 
Gibbins [95]  1988 45.9 28.9 
Araujo  1990 - - 
Guell [4, 31, 96-98]  1993 45.1 27.9 
Li [65]  1993 46.6 30.7 
Madrali [4, 31]  1994 44.3 27.5 
Cai [4, 31, 96-98]  1995 42.7 27.9 
Pindoria [4]   1997 44.8 27.8 
Lim  1997 - - 
Messenbock  1998 - - 
Peralta-Solorio  2001 - - 
Pipatmanomai [96-98]   2002 43.1 25.7 
Fukuda [98, 99]  2002 43.5 25.9 
Wu [97, 98]  2006 42.9 28.7 
Dong [98] 2008 43.5 26.5 
Somrang 2011 44.4 25.4 
Note: The yields are calculated in dry ash free basis based on the ash content of 4.7 
wt% DB [31] 
 
Table A.3 Results from another batch of Linby coal 
 
Run No. TV (% wt DAF) Tar (% wt DAF) 
157 47.7 29.0 
159 44.9 29.1 
160 46.5 28.4 
162 46.3 28.9 
163 46.5 28.9 
Average 46.4 28.9 
 
Five pyrolysis experiments with another batch of Linby coal, which has been kept in a 
bottle filled with nitrogen, stored in a fridge, and never been used by any operators, 
were conducted at the same conditions shown in Table A.1. It can be seen that average 
total volatile and average tar yields from another batch of Linby coal as shown in Table 
A.3 (46.4 wt% TV and 28.9 wt% tar) are slightly higher than the results from the first 
batch (44.4 wt% TV and 25.4 wt% tar), as expected. Also, compared to the results 
obtained by Gibbins [95], the results from this newly-opened batch are relatively 
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similar. Thus, it is likely that sample from the bottle which has been used for training 
deteriorates to some extent.  
 
Figure A.1 and Figure A.2 show yields of total volatile and tar from the first stage of 
training with Daw Mill Coal and those from the second stage of training with Linby 
coal, respectively, using the atmospheric wire-mesh reactor at the operating conditions 
as tabulated in Table A.1. The sources of deviating yield results can be summarised as 
follows: 
 
 
Figure A.1 Training data of the first training session with Daw Mill coal using the 
atmospheric wire-mesh reactor 
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Figure A.2 Training data of the second training session with Linby coal using the 
atmospheric wire-mesh reactor  
 
1) Operational or personal error 
As mentioned earlier, intensive training is required for all wire-mesh reactor operators 
so that the operators are able to follow a strict experimental procedure and obtain 
precise and accurate results. This training aims to minimise errors from operational or 
personal error. As obviously seen in Figure A.1, tar yield measurements in the early 
stage of the training are relatively erratic compared to the results in the later period 
when operational or personal error decreases due to training.  
 
2) Weight measurement 
It can be observed that, during the training, the weight measurement of tar yield is more 
problematic than that of total volatile yield as shown in Figure A.1 and Figure A.2. This 
is in common with all previous operators. One of the contributing factors might come 
from the weight of the trap, which is much heavier than that of the wire-mesh sample 
holder. Thus, when measuring the trap, great care has to be taken to put the trap on the 
balance gently. The gentle way of handling the trap is one of important parts of training 
with the wire-mesh reactor as well. 
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In addition, it can be noticed that the weight recorded from the new balance is likely to 
be unstable, e.g. fluctuating, when the laboratory atmosphere is humid, even with silica 
gel in the glove box. This means that the moisture content could be another factor 
causing errors in weight measurement as well.  
 
3) Temperature control and measurement  
Two pairs of thermocouples (type K) were used in this training. To reduce the 
possibility of errors from temperature measurement, thermocouple links and cables 
were calibrated using a DC Millivolt Calibrator. During the calibration process, the 
voltages corresponding to specific temperatures (in the range of 50 to 1,050, every 
50°C) were consecutively logged by the calibrator. The temperature values were 
registered using the computer, which is used to control the temperature-time profile of 
the experiment. These registered values were compared with the true values or the 
values according to the calibrators and then the correlation between the true values and 
the temperature reading from the computer was fitted with the third-order polynomial 
equations. 
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A.2 Experimental data obtained from the wire-mesh runs 
Table A.4 Experimental data of rice husk pyrolysis 
 
Test Temperature (°C) 
Heating rate 
(°C/s) 
Holding time 
(s) 
Percentage (%DAF) 
Bio-oil TV Char 
ys0053 500 1000 30 47.2 88.7 11.3 
ys0055 500 1000 30 48.6 87.8 12.2 
ys0056 500 1000 30 45.9 87.8 12.2 
ys0057 350 1000 30 43.9 81.0 19.0 
ys0058 350 1000 30 49.2 80.7 19.3 
ys0059 350 1000 30 45.7 82.1 17.9 
ys0061 350 1000 30 41.6 74.7 25.3 
ys0062 350 1000 30 35.2 74.7 25.3 
ys0063 350 1000 30 45.9 83.9 16.1 
ys0065 700 1000 30 45.6 90.3 9.7 
ys0066 700 1000 30 44.7 89.2 10.8 
ys0069 700 1000 30 47.8 87.8 12.2 
ys0072 500 100 30 44.4 84.0 16.0 
ys0073 500 100 30 45.7 84.9 15.1 
ys0074 500 100 30 46.6 85.7 14.3 
ys0075 350 100 30 38.0 72.6 27.4 
ys0097 500 1 30 41.0 79.1 20.9 
ys0102 500 1 30 39.7 77.6 22.4 
ys0116 500 1 30 37.7 79.5 20.5 
ys0125 500 1 30 37.2 78.2 21.8 
ys0132 700 1000 30 46.9 88.7 11.3 
ys0133 700 1000 30 43.5 89.0 11.0 
ys0134 500 1000 30 46.1 86.5 13.5 
ys0135 500 100 30 42.2 85.1 14.9 
ys0136 500 1 30 39.9 79.0 21.0 
ys0138 850 1000 30 31.7 91.2 8.8 
ys0139 850 1000 30 34.1 88.9 11.1 
ys0140 500 10 30 37.0 81.9 18.1 
ys0141 500 10 30 36.4 81.8 18.2 
ys0142 500 10 30 39.8 80.4 19.6 
ys0143 350 1000 30 35.2 70.9 29.1 
ys0144 500 1000 250 49.8 86.4 13.6 
ys0146 500 1000 250 47.6 89.2 10.8 
ys0148 500 1000 250 47.9 86.8 13.2 
ys0150 500 1000 100 48.3 88.8 11.2 
ys0151 500 1000 100 47.3 86.2 13.8 
ys0152 500 1000 10 45.2 87.4 12.6 
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Table A.5 Experimental data of beech wood pyrolysis 
 
Exp Temperature  (°C) 
Heating rate  
(°C/s) 
Holding time 
(s) 
Percentage (%DAF)
Bio-oil TV Char
ys0050 500 1000 30 53.1 92.9 7.1 
ys0051 500 1000 30 52.1 93.2 6.8 
ys0052 500 1000 30 53.6 93.1 6.9 
ys0153 500 1000 30 50.5 92.6 7.4 
ys0154 500 1000 30 48.3 93.3 6.7 
ys0155 700 1000 30 44.8 93.4 6.6 
ys0157 700 1000 30 46.1 93.8 6.2 
ys0158 850 1000 30 44.9 94.0 6.0 
ys0161 350 1000 30 54.7 86.7 13.3 
ys0163 850 1000 30 48.4 92.3 7.7 
ys0165 850 1000 30 48.2 93.9 6.1 
ys0167 700 1000 30 48.1 93.3 6.7 
ys0167 350 1000 30 46.1 72.8 27.2 
ys0169 350 1000 30 48.4 82.5 17.5 
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Table A.6 Experimental data of palm fibre pyrolysis 
 
Test Temperature  (°C) 
Heating rate 
(°C/s) 
Holding time 
(s) 
Percentage (%DB) 
Bio-oil TV 
ys0001 500 1000 30 37.7 77.0 
ys0002 500 1000 30 32.0 78.1 
ys0003 500 1000 30 28.4 76.4 
ys0006 500 1000 30 32.1 76.8 
ys0007 500 1000 30 33.6 75.2 
ys0008 500 1000 30 33.1 76.9 
ys0009 500 1000 0 36.6 73.8 
ys0010 500 1000 0 35.5 73.1 
ys0011 600 1000 0 38.9 76.4 
ys0012 600 1000 0 39.8 77.8 
ys0013 500 1000 0 38.9 69.7 
ys0014 500 1000 0 28.6 74.8 
ys0015 400 1000 0 17.0 27.7 
ys0016 400 1000 0 15.2 26.1 
ys0017 500 1000 0 40.2 75.1 
ys0019 500 1000 0 35.2 68.7 
ys0020 500 1000 60 30.4 77.3 
ys0022 500 1000 30 34.6 78.4 
ys0023 500 1000 30 35.5 76.5 
ys0024 500 1000 10 32.3 77.3 
ys0026 500 1000 10 36.8 79.1 
ys0028 500 1000 10 34.8 79.3 
ys0029 500 1000 10 38.4 76.0 
ys0030 500 1000 30 30.4 77.0 
ys0031 500 1000 30 36.1 77.2 
ys0033 500 1000 30 35.5 78.0 
ys0034 500 1000 30 30.7 76.9 
ys0035 500 1000 30 39.3 78.0 
ys0036 500 100 30 30.6 75.8 
ys0037 500 100 30 34.0 74.7 
ys0042 500 1000 30 41.4 77.5 
ys0044 500 1000 30 34.8 79.8 
Note: Results from palm fibre pyrolysis are not discussed in Chapter 4 due to the 
inconsistency of the results. This can most likely be explained by the shape of palm 
fibre after being processed to the size range of 106-150 µm. It could be observed by 
naked eyes that the particles of 106-150 µm palm fibre penetrated through the wire-
mesh sample holder. Hence, as the mesh was heated, the palm fibre samples were not 
heated uniformly. This phenomenon did not happen to the beech wood and rice husk 
samples. 
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A.3 Experimental data obtained from TGA for combustion char 
reactivity 
Table A.7 TGA data of rice husk bio-chars 
 
Exp Temperature  (°C) 
Heating rate 
(°C/s) 
Holding time 
(s) T1/2 Rmax 
ys0093 350 1000 30 3.83 3.21E-03 
ys0133 700 1000 30 6.09 2.53E-03 
ys0138 850 1000 30 6.98 2.74E-03 
ys0143 350 1000 30 4.01 3.14E-03 
ys0134 500 1000 30 3.88 3.36E-03 
ys0135 500 100 30 4.93 2.91E-03 
ys0136 500 1 30 5.29 3.02E-03 
ys0140 500 10 30 5.49 3.08E-03 
ys0151 500 1000 100 4.31 3.35E-03 
ys0152 500 1000 10 3.91 3.60E-03 
ys0139 850 1000 30 7.04 2.45E-03 
ys0146 500 1000 250 5.64 2.49E-03 
ys0141 500 10 30 5.69 2.66E-03 
ys0150 500 1000 100 4.66 3.06E-03 
ys0128 700 1000 30 6.30 2.62E-03 
ys0117 500 1000 30 4.20 3.22E-03 
ys0089 500 1000 10 3.68 3.48E-03 
ys0105 500 100 30 4.93 3.07E-03 
ys0125 500 1 30 5.51 2.85E-03 
ys0148 500 1000 250 5.64 2.71E-03 
ys0093 350 1000 30 3.83 3.21E-03 
 
 
 
